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Abstract 

Blast-induced neurotrauma (BINT) is a major societal concern due to the complex 

expression of neuropathological disorders after exposure to blast.  Disruptions in 

neuronal function, proximal in time to the blast exposure, may eventually contribute to 

the late emergence of the clinical deficits. Besides complications with differential clinical 

diagnosis, the biomolecular mechanism underlying BINT that gives rise to cognitive 

deficits is poorly understood. Some pre-clinical studies have demonstrated cognitive 

deficits at an acute stage following blast overpressure (BOP) exposure. However, the 

behavioral deficit type (e.g., working memory) and the mechanism underlying injury 

prognosis that onsets the cognitive deficits remains to be further investigated. An 

established rodent model of blast neurotrauma was used in order to study impaired 

behavioral and neuropathological outcomes following blast. Anesthetized rats were 

exposed to a calibrated BOP using a blast simulator while control animals were not 

exposed to BOP. Behavioral changes in working memory and anxiety were assessed 

with standard behavioral techniques (novel objected recognition paradigm and light and 

dark box test) at acute and chronic stages (range: 3 hours – 3 months). In addition, 

brains were assayed for neurochemical changes using proton magnetic resonance 

spectroscopy (MRS) and neuropathology with immunohistochemistry in cognitive 

regions of brain (hippocampus, amygdala, frontal cortex and nucleus accumbens) 

Early metabolic changes and oxidative stress were observed along with a compromise 

in energy metabolism associated with sub-acute (7 days following BOP exposure) 

active neurodegeneration and glial scarring. Data suggested GABA shunting pathway 

was activated and phospholipase A2 regulated arachadonic acid pathway may be 

involved in cellular death cascades. In addition, increased myo-inositol levels in medial 

pre-frontal cortex (PFC) further supported the glial scarring and were associated with 

impaired working memory at a sub-acute stage (7 days) following BOP exposure. 

Chronic working memory issues and anxiety associated behavior could be related to 

chronic activation of microglia in hippocampus and astrocytes in amygdala respectively. 

Furthermore, these results from MRS could be directly translated into clinical studies to 

provide a valuable insight into diagnosis of BINT, and it is speculated that gliosis 

associated markers (myo-inositol) may be a potential biomarker for blast-induced 

memory impairment.  
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Chapter 1  

Introduction 

Statement of problem 
 

More than 25% of the veterans returning from Operation Iraqi Freedom (OIF) and 

Operation Enduring Freedom (OEF) are suffering from closed head injuries due to blast 

overpressure (BOP) exposure. Reports suggest that improvised explosive devices 

(IEDs) are the main weapon of the current wars.  Blast induced neurotrauma (BINT) is 

the second most cause of injuries from BOP, next to amputations [1-12].  Clinical 

reports have indicated the development of cognitive associated disorders following 

BOP. Majority of these disorders are associated with anxiety, attention deficits, memory 

issues and problem solving skills [8, 13-16]. 

Most of these symptoms appear tardive in nature and often have overlapping indicators 

with post-traumatic stress disorder (PTSD) and impact associated traumatic brain injury 

(TBI). Although some sophisticated imaging techniques such as functional magnetic 

resonance imaging (fMRI) can identify severe forms of TBI, mild-to-moderate forms of 

BINT is still elusive for all the advanced techniques of imaging [5, 13, 17-20]. These 

factors make it difficult for the differential diagnosis of BINT as compared to TBI and 

PTSD. Thus far there is no effective diagnosis that is directed towards mild forms of 

BINT, and consequently patients suffering from BINT are often misdiagnosed with 

PTSD or TBI [14,16, 21-25].  

In addition, molecular pathways associated with mild forms of BINT remain unclear. 

Fundamental studies are vital in order to understand the molecular pathways of BINT 

progression and associated neurological deficits.  

Literature review 

Mechanisms of primary blast injury 

 

Mechanisms of BINT can be classified from either a biomechanical or a bio-molecular 

neuroscience point of view. Biomechanical mechanisms primary focus on interactions of 

BOP or shock waves with the skull whereas bio-molecular neuroscience investigates 
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the cellular injury cascades and cognitive impairment of the brain following BOP 

exposure. Both of these fields are important for the understanding of the primary blast 

injury mechanics and injury prognosis of BINT.  

 

 

 

Background 
 

According to a report from Center for Disease Control (CDC) in 2011, more than 1.5 

million people suffer from injuries related to blast overpressure from IEDs each year [1, 

6, 7, 26-31]. Currently, there is still a need to identify the injury mechanisms of mild blast 

induced neurotrauma. IEDs, upon explosion, can cause deteriorating effects by various 

modes of injury which can be life-threatening.  Injuries are classified as four types 

(Figure 1.1) [1, 27, 29, 32]: 

1. Primary Blast Injury : Injuries which occur as a result of the blast overpressure 

wave 

2. Secondary Blast Injury: Injuries from shrapnel propelled by the blast explosion 

3. Tertiary Blast Injury: Injuries from impact of the body onto other objects as a 

result of the blast wind   

4. Quaternary Blast Injury: Explosion-related injury or illness not due to any of the 

above such as burns and/or inhalational injuries 

Figure 1.1: Classification of the blast overpressure induced neurotrauma. 
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Effects of primary blast injury  
 

Primary blast injury (PBI) is caused by direct overpressure exposure or a shock wave’s 

impact on the body. One of the most important concerns of PBI is that resultant 

overpressure from IEDs can reach far beyond thermal and nuclear radiation that 

originates from the detonation area (Figure 1.2).  The overpressure that results from the 

blast wave propagates on the order of Mach speed. PBI results in various injury, which 

can further be classified as mild, moderate and severe [1, 5, 8, 27, 32, 33].  

 

                  

 

 

 

 

Laboratory scale shock tubes which can generate a Friedlander waveform that 

resembles ‘free field’ shock wave profiles are currently used for animal models [24, 58, 

59] (Figure 1.3). A Friedlander waveform occurs when a high explosive detonates in a 

free field, that is, with no surfaces nearby with which it can interact. The equation for a 

Friedlander waveform describes the pressure of the blast wave as a function of time:                     

Figure 1.2: Chronological development of blast. Bellamy, R.F., et al., Textbook of 

military medicine, conventional warfare:  Ballistic, blast, and burn Injuries”, series on 

combat casualty care. Office of the Surgeon General, Dept. of the Army, Walter 

Reed Army Medical Center, Washington, DC, 1988, US government document. 
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where Ps is the peak pressure and t* is the time at which the pressure first crosses the 

horizontal axis (before the negative phase) as shown in Figure 1.3.  

A shock wave results in a sharp rise of pressure and temperature along its axis of 

propagation. Previous studies have shown duration of overpressure rise time play a 

very important role in PBI.   

Propagation of blast wave 
 

The shock which results from IEDs has two phases, a positive and negative phase in 

the waveform. The propagation and deteriorating effects of a shock wave are shown in 

Figure 1.4 [1, 29, 32, 48]. Compression of gasses in the atmosphere gives immediate 

rise to a positive phase, while a negative phase is created due to a sudden drop in the 

pressure along shock wave propagation [1, 32]. 

 

 

 

 
 

Figure 1.3: A schematic depicting the characteristic of Friedlander’s wave that results from 

detonations. Bellamy, R.F., et al., Textbook of military medicine, conventional warfare:  

Ballistic, blast, and burn Injuries”, series on combat casualty care. Office of the Surgeon 

General, Dept. of the Army, Walter Reed Army Medical Center, Washington, DC, 1988. US 

government document. 
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Biomechanical mechanisms underlying BINT 
 

Several hypotheses have been proposed to identify the biomechanical mechanism of 

BINT. They are: 

(i) Skull flexure [58] 

(ii) Propagation of blast through orbitals in skull [60] 

(iii) Thoracic compression [30] 

(iv) Direct transmission of shock wave through skull [61] 

(v) Coup - contrecoup mechanism [62] 

While research is still ongoing, the exact biomechanical response of blast is not clearly 

known.   Experimental research has provided evidence that the shock wave interaction 

with the skull may cause skull flexure and transmission of shock wave through the skull 

could play a viable role in primary biomechanical mechanism of injury [24, 46, 58, 61]. 

In addition, compression of thoracic activity also may play a role in the injury 

mechanism, however, as a secondary mechanism of injury [63]. Compression of chest 

and thoracic cavity is usually caused due to the stress wave which precedes shock 

wave of blast. Studies have shown this form of injury can be mitigated using chest 

protective gear [64].  

A pre-clinical study has shown protection to the orbital does not affect the injury to brain 

when exposed to blast overpressure [46]. Coup injury occurs under the site of impact 

with an object, and a contrecoup injury occurs on the side opposite the area that was 

impacted [62]. Limited studies are available to validate the coup and countrecoup 

mechanism in blast injury. Thus far, none of the studies have identified this 

biomechanical mechanism of injury to brain via blast overpressure exposure [15].  
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Bio-molecular mechanisms underlying blast injury 
 

Human and animal studies have provided evidence of cognitive deficits following BINT. 

However the molecular cascades that are triggered by the blast energy transmission 

have not been identified. In contrast, impact-related traumatic brain injury is well 

described and is characterized by diffuse axonal injury and cell death. Alterations in 

neurochemistry are reported to play a key role in these negative outcomes in cognition 

[6, 11, 41, 47, 49, 65-70].  

In addition to brain, moderate-to-severe PBI affect gas-filled organs like the auditory, 

pulmonary, and gastrointestinal systems as the pressure wave can rupture the tissues 

due to high energy transmission, contusions due to displacement of skeletal system 

onto the organs. Damage to lungs can lead to hypoxia due to decreased oxygen supply. 

However, this injury can be identified and effectively diagnosed to successfully treat 

lung damage and hypoxia to the tissues. Furthermore, using chest protection has been 

shown to mitigate lung injury [1,7, 33-37]. Tympanic membrane rupture has previously 

been used to identify and diagnose PBI. However, the main challenge lies in diagnosing 

Figure 1.4: Effects and propagation of blast shock wave. Bellamy, R.F., et al., Textbook of 

military medicine, conventional warfare:  Ballistic, blast, and burn Injuries”, series on 

combat casualty care. Office of the Surgeon General, Dept. of the Army, Walter Reed 

Army Medical Center, Washington, DC, 1988, US government document. 
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milder forms of PBI (when rupture of tympanic membrane or gross morphological lung 

injury is not identified). Conflicting reports exist in the literature about the likelihood of 

tympanic membrane rupture resulting from pressure as low as 5 pounds per square 

inch (psi), however there is no direct evidence from such cases [7, 9, 14, 17, 18, 26, 28, 

38-44].  

Many clinical reports have identified that low level overpressure exposure (multiple 

exposures of 30 KPa or 4.35 psi) result in primary blast induced neurotrauma. Most of 

these cases are dominant in mild-to-moderate forms of PBI resulting in mild blast 

induced neurotrauma (mBINT). The molecular cascades of PBI are still unclear as little 

is known about the pathways that are involved in this injury mechanism in order to 

develop effective treatment plans using pharmacological drugs. Due to the complexity, 

sophistication, and nature of PBI, the studies presented as part of this dissertation are 

focused on mild-moderate form of PBI (no visible injuries of lungs) [25, 27, 28, 34, 45-

48].  

Major concerns of mBINT, from the clinical standpoint, include no outward signs of 

injury, delayed on-set of symptoms, and overlapping symptoms with PTSD and TBI. 

Clinical reports have provided evidence that cognitive impairments such as memory 

deficits, anxiety, attention disorder, diminished problem solving skills, and substance 

abuse result from blast overpressure exposure [1, 12, 15, 24, 25, 49-55].  These 

cognitive disorders are associated with the hippocampus, prefrontal cortex, amygdala 

and nucleus accumbens in different pathological conditions [56, 57].  

Ongoing research review 
 

Several studies have reported glial activation using an astrocyte marker, glial fibrillary 

acidic protein (GFAP), during acute phases (up to 72 hours) of blast in both in vitro and 

in vivo studies. Although evidence suggests that cell death cascades are associated 

with glial activation, mechanisms that initiate these molecular cascades are currently 

unknown [5, 19, 24, 38, 51, 59]. Role of the protein caspase-3, a strong indicator of 

apoptosis, has shown to be increased following BINT [24, 59].  
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Additionally, increased intracranial pressure and blood brain barrier disruption have 

been identified by research groups [20, 24, 46, 71, 72,17, 27, 28].  Different bio-

molecular mechanisms are proposed that may be associated with behavioral deficits 

following cell death cascades. 

Oxidative stress and cytokine release: 

Oxidative Stress is primarily triggered by mitochondrial failure leading to compromised 

energy metabolism, inflammation due to cell membrane rupture, and irregular cellular 

homeostasis caused by the depletion of energy [5.8]. Few studies have demonstrated 

the role of oxidative stress following BOP. The role of reactive oxygen species (super 

oxide anion, hydrogen peroxide) and antioxidant systems (super oxide dismutase, 

gluthatione) were proposed in literature thus far. Cernak et al., demonstrated an 

increase in oxidative stress followed BOP exposure at an acute phase in rat 

hippocampus [73]. 

Markedly decreased levels of glutathione and super oxide dismutase, major anti-

oxidants in neurophil, support the evidence of oxidative stress. In addition, increased 

ROS generating enzymes, including NADPH oxidase (NOX) and inducible nitric oxide 

synthase (iNOS), and up-regulated oxidative/nitrosative damage markers such as 4-

hydroxynonenal (4-HNE) and 3-nitrotyrosine (3-NT) were detected following BINT 

[38,73]. Moreover, increased ROS was directly detected using 2’, 7’-dichlorofluorescein 

(DCF), another main indicator of ROS generation as early as one hour post BINT [35]. 

However, the temporal effect on oxidative system imbalance and oxidative stress on 

other cognitive regions such as amygdala, frontal cortex, nucleus accumbens is 

unknown. In hippocampus, some pre-clinical studies have shown oxidative stress is 

followed by pro-inflammatory cytokine release, that mediates cellular death [5,8].  

Pro-inflammatory changes in BINT 

The production of pro-inflammatory mediators regulates a cascade of inflammatory 

events. Enhanced expression of pro-inflammatory cytokines, chemokines, and other 

inflammatory-medicated molecules, and their close interactions facilitate pro-

inflammatory pathways by recruiting and transmigrating inflammatory mediators to 
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tissues. Tumor necrosis factor-α (TNF- α), interleukin-1β (IL-1β), interferon- γ (IFN-γ) 

were shown to be elevated in BINT [74-78].  TNF- α, IL-1β, and IFN-γ are essential pro-

inflammatory cytokines and activators of macrophages by immunomodulatory effect, 

and monocyte chemoattractant protein-1 (MCP-1), a member of chemokine family 

playing a critical role in monocyte chemotaxsis and transmigration [79] were shown to 

be elevated in BINT.  

Furthermore, MCP-1 has been implicated in extensive neuronal loss and 

microglial/astroglial activation of brain injuries. Likewise, there are several other reports 

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

reactive protein (CRP), TNF-α, interleukin-6 (IL-6) have been involved and associated 

with biomolecular changes in the brain after BINT [74-78].  

Thus far, all animal models have shown diminished cognition following BOP exposure. 

A study by Saljo et al observed that overpressure as low as 60KPa can induce cognitive 

deficits [59]. Other studies have related diminished cognition with hippocampal injury, 

although the nature of BINT is diffusive and clinical symptom suggests that there is 

more than one cognitive region involved in BINT [5, 6, 8, 38, 59, 72, 73]. Limited studies 

have identified injury in the amygdala and motor cortex following BOP exposure [24].  

When evaluating the gross cognitive dysfunction, researchers use a standard learning 

paradigm characterized with the Morris water maze. However, dysfunction in specific 

behavioral type (e.g., working memory) is important to understand different cognitive 

symptoms that are associated clinically [24, 38, 59, 81,82]. Behavioral stereotypes of 

memory include working memory, short term memory, executive memory and long term 

memory. Understanding behavioral stereotypes are useful tools which help unravel the 

key cognitive regions that are impaired following injury. Limited studies have been 

reported with a primary focus on the hippocampus. However, in order to fully appreciate 

the complexity of BINT, there is need to study other cognitive regions following BOP 

exposure. 

Anatomy of major cognitive regions in brain of humans and rats 
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The brain is a complex system networked with axonal fibers, which signal via 

neurotransmission from one cognitive region to the other in order to perform well 

organized thought processes and decision making. Learning and behavior is an 

outcome of this communication process among these cognitive structures. Learning, 

memory, decision making, attention, and coordination signals that comes from limbic 

system and cortical signaling is well understood in both primates and rodents. The 

primary regions that play a role in memory potentiation are hippocampus and frontal 

cortex of the brain [76-79]. The anxiety and reward system is gated by the amygdala 

and nucleus accumbens respectively. For the simplicity in understanding the molecular 

injury mechanisms following BOP exposure, the signaling network between these 

cognitive regions is not taken into consideration, instead molecular pathways are 

assayed and studied individually in each cognitive region [56, 87-91]. 

Hippocampus 
 

Anatomy:  

The hippocampus is the gateway for emotions and memory potentiation.  It belongs to 

the limbic system and plays important roles in long-term memory and spatial navigation. 

Like the cerebral cortex, with which it is closely associated, it is a paired structure, with 

mirror-image halves in the left and right sides of the brain. In humans and other 

primates, the hippocampus is located inside the medial temporal lobe, beneath the 

cortical surface. The hippocampus as a whole has the shape of a curved tube, which 

has been analogized variously to a seahorse, a ram's horn (Cornu Ammonis, hence the 

subdivisions CA1 through CA4) [56, 83, 84, 92-96]. Hippocampus organization is very 

similar in both rodents and humans. 

The entorhinal cortex (EC), the greatest source of hippocampal input and target of 

hippocampal output, is strongly and reciprocally connected with many other parts of the 

cerebral cortex, and thereby serves as the main "interface" between the hippocampus 

and other parts of the brain. The superficial layers of the EC provide the most prominent 

input to the hippocampus, and the deep layers of the EC receive the most prominent 

output [97-98].  
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Within the hippocampus, the flow of information is largely unidirectional, with signals 

propagating through a series of tightly packed cell layers, first to the dentate gyrus, then 

to the CA3 layer, to the CA1 layer, to the subiculum, and then out of the hippocampus to 

the EC (Figure 1.5) . Each of these layers also contains complex intrinsic circuitry and 

extensive longitudinal connections.  

The dentate gyrus is convoluted with hippocampus and is one of the few regions in 

brain that can regenerate neurons in an adult brain. It is understood the role of dentate 

gyrus helps in maintaining the neuronal capacity in hippocampus and potentiate glial 

response in hippocampal injury upon injury to minimize the damage after injury [96-

100]. 

Function and pathology:  

Some researchers view the hippocampus as part of a larger medial temporal lobe 

memory system responsible for general declarative memory (memories that can be 

explicitly verbalized such as memory for facts in addition to episodic memory) [92-96]. 

Damage to the hippocampus does not affect specific types of memory, such as the 

ability to learn new motor or cognitive skills (playing a musical instrument or solving 

certain types of puzzles) [97, 98].  

Figure 1.5: Signaling of subfields of hippocampus with entorhinal cortex and subiculum 
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This fact suggests that such abilities depend on different types of memory (procedural 

memory) and different brain regions. Recent clinical imaging studies have shown 

decision making, executive memory and working memory is responsible for short term 

and long term memory potentiation is gated by prefrontal cortex of brain via innervations 

to hippocampus. Direct axonal afferent and efferent fibers are used to for signaling from 

prefrontal cortex and hippocampus, and consolidate the process memory and plasticity 

(Figure 1.6) [106-109].  

The classic diseases that are associated with hippocampus are vascular dementia, and 

amnesia. Entire hippocampal volumes are identified to be reduced in all these classic 

diseases upon the onset of the diseases. Various clinical reports have shown that the 

aging brain has reduced volumes of hippocampus. In addition, diseased conditions like 

schizophrenia and Parkinson’s disease have also had negative effects on the 

hippocampus [109-116].  

 

 

Role of hippocampus in BINT:  

Cell death was shown in association with traumatic brain injury and with correlations 

between negative cognition effects and hippocampal dysfunction. Studies using BOP 

exposure have shown hippocampal injury following BINT in association with cognition; 

however, the injury mechanisms remain unclear. Multiple exposures to BOP as low as 

30KPa, has shown injury to the hippocampus and cognitive impairment [38, 59]. 

Figure 1.6: Main afferent and efferent connection of hippocampal signaling 
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 Apoptotic cascades studied by various research groups have shown the involvement of 

caspase-3 associated cell death in the hippocampus [22, 44, 59, 71]. However the 

mechanism that leads to the caspase-3 apoptotic cascade in BINT is unknown.  More 

studies are needed to better understand the regulation and pathways of injury that are 

involved in the hippocampal dysfunction [24, 46, 61, 73]. In addition other cognition 

regions such as prefrontal cortex should be examined in order to understand the 

complete account of BINT. 

Prefrontal cortex: 

Anatomy: 

The prefrontal cortex (PFC) is located in frontal cortex of the brain and has dorsal, 

ventral, lateral, medial regions. Unlike the hippocampus, the organization of the 

prefrontal cortex is less complicated and relays information to various cognitive regions 

in the brain [113].  

Function and pathology: 

The PFC governs the executive control of information processing and behavioral 

expression, including the ability to selectively attend and maintain information, inhibit 

irrelevant stimuli and impulses, and evaluate and select the appropriate response [107, 

108]. This cognitive and behavioral control facilitates successful achievement of 

complex goal-directed behaviors. Some evidence suggests that all regions of the PFC 

(dorsal, ventral, lateral, medial) have the capacity to perform the same type of executive 

control functions. However, the primary focus of this research is on the medial PFC 

because this region regulates working memory (memory regulated at the moment of 

certain action), decision making and executive memory (higher order functions that can 

influence attention and motor skills) [114-117].  

Studies with PTSD support the idea that the ventromedial PFC is an important 

component for reactivating past emotional associations and events, therefore 

essentially mediating pathogenesis of PTSD. Treatments geared to the inhibition of the 

ventromedial prefrontal cortex are suggested for PTSD [118-120]. The right half of the 

ventrolateral prefrontal cortex, being active during emotion regulation, was activated 

when participants were offered an unfair offer in a scenario [121-123].  



14 
 

Specific deficits in reversal learning and decision-making have led to the hypothesis that 

the ventromedial PFC is a major locus of dysfunction in the mild stages of the 

behavioral variant of fronto-temporal dementia. In addition, studies have shown that 

PFC can invoke fear and anxiety with its efferent axon fibers to amygdala [124,125] .  

Role of prefrontal cortex in BINT: 

Many studies have shown the role of hippocampal impairment in conjunction with 

cognitive impairment [24, 46]. However, other major cognitive regions such as the PFC 

play an important role in memory related cognitive functions in brain. In addition to 

working memory, PFC plays a major role in potentiation of long term memories due to 

its direct innervation of axonal fibers to hippocampus. Although the animal behavioral 

tests showed impaired cognition in an acute phase, paradigms specific for working and 

short term memory issues has not been evaluated.  

Thus far no animal studies have evaluated the injury crisis in PFC after BOP exposure, 

although there is a recent clinical report showing evidence of injury in the PFC after 

blast exposure [17]. In addition, the critical role to evoke fear and anxiety (a typical 

symptom in BINT) signals to the amygdala makes the PFC an important region in 

cognition. 

Amygdala: 

Anatomy:  

The amygdaloid complex, located in the medial temporal lobe, is structurally diverse 

and comprises 13 nuclei. These are further divided into subdivisions that have extensive 

internuclear and intranuclear connections. In this classification, the amygdala nuclei are 

divided into three groups [2, 126] (Figure 1.7): 

1) The deep or basolateral group, which includes the lateral nucleus, the basal nucleus, 

and accessory basal nucleus 

2) The superficial or cortical-like group, which includes the cortical nuclei and nucleus of 

the lateral olfactory tract 

 3) The centromedial group composed of the medial and central nuclei  
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Figure 1.7: Different nuclei of amygdala  

ABmc, accessory basal magnocellular subdivision; ABpc, accessory basal parvicellular 

subdivision; Bpc, basal nucleus magnocellular subdivision; e.c., external capsule; Ladl, 

lateral amygdala medial subdivision; Lam, lateral amygdala medial subdivision; Lavl, 

lateral amygdala ventrolateral subdivision; Mcd, medial amygdala dorsal subdivision; 

Mcv, medial amygdala ventral subdivision; Mr, medial amygdala rostral subdivision; 

Pir, piriform cortex; s.t., stria terminalis. Sah, P., et al., The amygdaloid complex: 

anatomy and physiology. physiological reviews, 2003. 83(3):803-834, and used under 

fair use,  2013. 

There is a separate set of nuclei that do not fall into any of these three groups; these 

include the intercalated cell masses and the amygdalohippocampal area. 

 

 

Functions and pathology:  

Inputs to the amygdala can be separated into those arising in cortical and thalamic 

structures and those arising in the hypothalamus or brain stem. Cortical and thalamic 

inputs supply information from sensory areas and structures related with memory 

systems. Hypothalamic and brain stem inputs arise from regions involved in behavior 

and autonomic systems. The major source of sensory information to the amygdala is 

the cerebral cortex [127-129]. These projections are glutamatergic, predominantly 

arising from layer V pyramidal neurons. Most of the sensory information arises from 

frontal cortex and olfactory lobe of brain (primarily in animals) [3] (Figure 1.8).  



16 
 

 

 

 

Efferents of amygdaloid nuclei have widespread projections to cortical, hypothalamic, 

and brain stem regions. In general, projections from the amygdala to cortical sensory 

areas are light and originate in cortical and basolateral areas of the amygdala. The 

perirhinal area, along with other areas in the frontal cortex that project to the amygdala, 

receive reciprocal connections from periamygdaloid cortex [130-133]. 

Amygdala is involved in emotional responses, especially in fear and fear conditioning. 

These responses are characterized by freezing, potentiated startle, release of stress 

hormones, and changes in blood pressure and heart rate which are elicited by activation 

of the autonomic and hormonal systems [127, 128]. Damage to this system can 

potentially initiate the cascades of fear and anxiety in conditions such as PTSD, 

epilepsy, depression disorders, and TBI [3, 130, 136-138]. 

Role of amygdala in BINT: 

 

Although clinical research reports showed anxiety as one of the main concerns in BINT, 

damage to amygdala has not been examined yet in the field of blast over pressure 

exposure in animal models [10, 11, 27, 28].  Only one animal study showed caspase-3 

associated cell injury in amygdala following blast overpressure. However, no 

assessment of behavioral outcome was done [24].  

Figure 1.8: Amygdular efferent and afferent signals. Mahan, A.L. and K.J., Ressler, Fear 

conditioning, synaptic plasticity and the amygdala: implications for posttraumatic stress 

disorder. Trends in Neurosciences, 2012. 35(1):24-35, and used under fair use,  2013.  
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Nucleus accumbens 

Anatomy:  

The human nucleus accumbens (NAC), which belongs to the basal ganglia of the brain, 

is the main part of the ventral striatum. NAC is typically divided into two major 

subdivisions, the shell and the core (Figure 1.9) [139]. The primary output neurons of 

both of these areas are medium spiny neurons (MSNs), which are quiescent at rest and 

depend on the relative input of excitatory and inhibitory synapses to determine when 

they fire action potentials. These synaptic inputs are, in turn, regulated by a number of 

neurochemical signaling agents that can ultimately influence information processing in 

the NAC [140, 141] . 

Functions and pathology: 

NAC is mainly involved in motivation, reward, motor function, and learning. Drugs of 

abuse increase dopamine release in the NAC and also changes in locomotor activity. 

Recent studies have demonstrated that the NAC may play an important role in the 

etiology and pathophysiology of depression [142-145]. Damage to NAC leads to 

distress, which often times is the cause of substance abuse. The reward system 

recognizes diminished distress due to substance abuse, which eventually leads to 

addiction [146-147].  

 

 

The NAC contains small populations of γ-aminobutylic acid (GABA)-containing and 

cholinergic interneurons, in addition to a large number of efferent GABAergic medium 

spiny projecting neurons. The activity of projecting medium spiny neurons is regulated 

Figure 1.9: Anatomy of nucleus accumbens in coronal view 
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by glutamatergic afferents arising from the prefrontal cortex, hippocampus and 

amygdala, by dopaminergic afferents from the ventral tegmental area, by serotonergic 

afferents from the raphe nucleus, and by noradrenergic afferents from the locus 

ceruleus as shown in Figure 1.10 [148-151]. These afferents converge primarily on 

GABA neurons, the main output cells of this region. In addition, GABAergic projection 

neurons receive inhibitory input, primarily from a small population of GABAergic and 

cholinergic interneurons but also through feedfoward inhibition and axon collaterals of 

neighboring medium spiny neurons [151-153].  

Role of nucleus accumbens in BINT: 

Ongoing clinical research has shown abuse of alcohol and addition to drugs in order to 

reduce biological distress in relation to BOP exposure [153-156]. Thus far no injury 

mechanism to understand NAC pathology after BOP exposure is known. Despite the 

intensive concern over the veterans abusing drugs and involvement of psychosis in 

NAC role is associated in blunt TBI. However, very limited number of animal studies are 

available on NAC in order to compare the clinical symptoms of BINT to TBI. NAC plays 

a very important role in rehabilitation in psychosis, recovery after distress and 

depression. In order to potentially diagnose and rehabilitate patients suffering from 

BINT, the role of NAC has to be understood.  
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Overall, in order to assess the extent of injury after BOP, studies related to behavioral 

deficits such as anxiety and memory issues has to be understood at both acute and 

long term time points. In addition, the neurochemical changes help the understanding of 

the basic molecular changes and mechanisms for the prognosis of injury. Cell death 

cascades have to be studied to understand mean peak activation period of the cascade 

and implication on behavioral deficits. Understanding the cascades of cell death helps in 

the treatment strageties to diagnose the individuals suffering from BINT. 

 

 

 

 

 

 

 

Figure 1.10: Nucleus accumbens afferent and efferent connections to other 

regions of brain.  ɣ-amino butyric acid, GABA; Glutamate, Glu; Dopamine, DA; 

Serotonin, 5-HT. 
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Chapter 2 

Specific Aims and Hypothesis 

Hypothesis 

Behavioral deficits are caused by acute oxidative stress coupled with acute 

neurochemical changes following mild blast overpressure exposure. 

Specific Aims 

The molecular mechanisms and behavioral deficits in accordance with this hypothesis 

were investigated using an animal model of mild blast induced neurotrauma:   

Specific Aim 1:  

Neurochemical profiling of the hippocampus, prefrontal cortex, nucleus accumbens and 

amygdala was determined using magnetic resonance spectroscopy 

Hypothesis: Neurochemical changes are triggered in various regions of brain following 

BOP exposure 

Specific Aim 2: 

Progression of cell death and astrogliosis was assayed using immunohistochemistry 

Hypothesis: Functional deficits at cellular level are caused by oxidative stress resulting 

active cell death and neurodegeneration along with glial scarring following BOP 

exposure 

Specific Aim 3:  

Memory deficits and anxiety behavioral paradigms were used to evaluate functional 

outcomes. 

Hypothesis: Behavioral deficits such as short term memory deficits and anxiety are 

associated with BOP exposure 

Specific Aim 4:  

Behavioral changes were correlated with neurochemical, histological, and biomarker 

results in order to better understand the injury and recovery progression.   

Hypothesis: Behavioral deficits such as short term memory deficits and anxiety are 

associated with neurochemical changes or/and cell death or/and glial scarring 
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Materials and methods 

Blast exposure: 

The testing parameters were same for all the molecular and behavioral studies. The 

shock front and dynamic overpressure was generated by a custom-built shock tube 

(ORA Inc. Fredericksburg, VA.)  as described by VandeVord et al. (2011) [24]. Briefly, a 

positive phase of peak static overpressure of 117kPa will be produced with compressed 

helium and calibrated Mylar or Acetate sheets (GE Richards Graphics Supplies Inc., 

Landsville, PA).  Exposure pressures were determined by sensors placed within the 

tube and one placed inside a sling holding the rat.   

Pressure measurements were collected at 250 kHz using a Dash 8HF data acquisition 

system (Astro-Med, Inc, West Warwick, RI) and shock wave profiles were verified to 

maintain consistent exposure pressures between subjects.  Rats were anesthetized with 

3% isoflurane, positioned in the shock tube in a rostral cephalic orientation towards the 

shock wave. Blast group rats will be exposed to a single incident pressure profile 

resembling a ‘free-field’ blast exposure (Figure 2.1 & 2.2).  Sham animals were 

anesthetized with the same isoflurane induction but did not experience the shock wave 

exposure.   

 

 
Figure 2.1: Schematic of shock tube with a pressure center calibration set up at 

the animal location. 
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Specific Aim 1:  

Neurochemical profiling of hippocampus, prefrontal cortex, nucleus accumbens and 

amygdala using magnetic resonance spectroscopy (MRS).  

Materials and methods: 

Proton magnetic resonance spectroscopy (1H-MRS) analysis 

After decapitation, whole brains were immediately removed, placed in a chilled brain 

matrix (ASI, Warren, MI), and cut in 2 mm coronal slices. Slices were frozen on solid 

CO2, then two contralateral, 1.5 mm (diameter) punches were taken from the individual 

slices that contained region of interest.  Frozen punches were transferred to micro-

centrifuge tubes and stored at -80°C until high resolution magic angle spectroscopy 

(HRMAS 1H MRS).  

Frozen intact tissue samples were weighed and placed directly into a Bruker zirconium 

rotor (4 mm diameter, 10 µL capacity) containing 5 µL buffer (pH= 7.4; 100 mM 

potassium phosphate, 200 mM sodium formate, 1 g/L NaN3  and 3mM trimethylsilyl-

propionate  (TSP, Sigma; St Louis, MO) diluted with an equal volume of D2O containing 

0.75% TSP).  TSP serves as an internal chemical shift reference (0.00 ppm), formate 

(8.44 ppm) for phase corrections, and D2O to lock on the center frequency.  The rotor 

(with sample) was  placed into a Bruker magic angle spinning probe maintained at 4ºC 

in a vertical wide-bore (8.9 cm) Bruker 11.7 T magnet  with an AVANCETM DRX-500 

spectrometer (Bruker Biospin Corp., Billerica, MA).  Rotors were spun at 4200 + 2Hz at 

54.7° relative to the static magnetic field B0.   

Field inhomogeneities were compensated using first and second order manual and 

semi-automated shimming. After a pre-saturation pulse for water suppression, tissue 

Figure 2.2: Virginia Tech shock tube with an arrow pointing at animal location. 

Animal position 

inside shock tube 
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spectra was acquired with a rotor-synchronized 1-D Carr-Purcell-Meiboom-Gill (CPMG) 

pulse sequence [90-(τ-180-τ)n-acquisition] [32]. The inter-pulse (τ = 150 μs) and the 

180° echo pulse was applied (n=12 times) for a total echo time TE = 3.6 ms.  The 900 

degree pulse length was 6 μs, 16384 complex data points, TR = 6.21 s, and a spectral 

band width of 7 kHz (14 ppm) was used. The number of transients (number of 

samplings) was 64 with total acquisition time of 3 minutes and 48 seconds. 

Signals were acquired with Bruker-XWINNMR (v 3.6 software) and the identical brain 

regions from all animals in an experimental cohort was analyzed in the same session.  

Spectra was analyzed with a custom LCModel  software package version 6.1-4, utilizing 

a linear combination of 27 individual neurochemical model spectra (basis set) as well as 

non-specific lipid signals to fit the tissue spectrum and calculate absolute concentration 

values for neurochemicals with signals between 1.0 – 4.2 ppm (32) (Figure 2.3).   

The precision of the LCModel fit to the spectral data was estimated with Cramér-Rao 

bounds (CRB); CRB were typically <10% and metabolites with CRB > 25% was not 

considered for further analysis. LCModel analyzes of sample spectrum as a linear 

combination of model spectra obtained from the individual standard solutions of known 

concentrations. Advantages of the LCModel are spectral complexity since multiple 

chemical shifts (from J-coupling) was used for each compound.  

LCModel is also automatic (non-interactive), it adapts to the data and seeks the 

smoothest line shape and baseline consistent with data. All the data in the 1-4ppm 

range was used simultaneously in a least squares analysis obtain concentrations, line 

shapes, referencing shifts, baseline, and phasing (33-35). To account for variations in 

the mass of individual samples, absolute concentrations of MR visible metabolites was 

corrected for tissue weight and was expressed as nmol/mg of wet tissue weight; 

variance associated with means suggests a substantial degree of analytical 

reproducibility [68, 157, 158].  

Peak assignments were based on identical chemical shifts of standards dissolved in the 

same buffer (identical pH, temperature) which were used for tissue analysis (see 

methods). The basis set for the customized LCModel used for rat brain also 

compensated for non-specific lipid resonances at 1.2, 1.4, 1.6, and 1.7 ppm. Lactate, 
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LAC; Alanine, ALA; γ- amino butyric acid, GABA; N-acetyl aspartate, NAA; N-acetyl 

aspartate glutamate, NAAG; Glutamate, GLU; Glutamine, GLN; Glutathione, GSH; 

Succinate, SUC; Aspartate, ASP; Choline, CHO; Phosphocholine, PCH; 

Glycerophosphocholine, GPC; Betaine, BET; Inositol, INS; Taurine, TAU; Glycine, GLY; 

Creatine, CRE; Phosphorylethanolamine, PEA. 

 

 

 

Specific Aim 2: 

Progression of cell death and astrogliosis was assayed using immunohistochemistry  

Materials and methods:  

 

Tissue sectioning:  

Animals were sacrificed using transcardial perfusion with 4% paraformaldehyde. Fixed 

brains were embedded with optimal cutting temperature compound (OCT), and were 

frozen on solid CO2. Sections were obtained from the area of interest (Hippocampus, 

Medial prefrontal cortex, amgydala and nucleus accumbens).  40 µm tissue sections 

were prepared with a microtome.   

Fluoro-Jade B (FJB) analysis:  

 

Figure 2.3: Representative HR-MAS 1H-MRS chemical shift spectrum from ~ 2 mg 

rat brain hippocampus (256 averages) demonstrates resolution of constituents and 

sensitivity at 500 MHz. 
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FJB is a fluorescein dye with high specificity for neuronal degeneration.  Sections were 

stained with Fluoro-Jade B as described [152].  Briefly, brain slices were incubated in 

1% NaOH-80% ethanol, hydrated in 70% ethanol, and then washed in distilled water. 

The sections were subsequently incubated in 0.006% potassium permanganate (Sigma-

Aldrich, St. Louis MO) on a rotating stage, rinsed in distilled water, and incubated in a 

0.0004% solution of FJB (Histochem Inc., Jefferson, AR).  They were then rinsed in 

distilled water, air-dried and placed on slide warmer until fully dry. The dry slides were 

cleared in xylene and mounted with 1,3-diethyl-phenylxanthine (Sigma-Aldrich; St. 

Louis, MO). An observer blind to the experimental conditions carried out counting 

counts which were based on the morphology, fluorescent intensity, size and location of 

specific neurons using a Zeiss epifluoroscence microscope. The number of FJB+ 

neurons reported was determined in the entire hippocampus using multiple coronal 

slices.  

GFAP, Iba1, SOD1, NeuN and caspase-3: 

 

Sections (40µm thick) obtained from a microtome were stained with GFAP (astrogliosis) 

or cleaved caspase-3 (apoptosis). Briefly, tissue sections were first washed in 

phosphate saline buffer (PBS) and incubated in 0.5% gelatin blocking buffer. Sections 

were incubated with a primary antibody, anti-GFAP or anti-cleaved caspase-3 

(Invitrogen, Grand Island, NY) or anti- Iba-1 (Biocompare, Carsland, CA) or NeuN 

(Invitrogen, Grand Island, NY) or SOD1 (Biocompare, Carsland, CA), (1:100)) overnight 

at 4ºC. 

Following PBS wash, the samples were incubated for one and half hour with fluorescent 

tagged FITC-secondary anti-rat IgG antibodies ((Vector Laboratories, Burlingame, CA), 

(1:100)) or Alexa flour-555 anti-rabbit  IgG antibody (Cell signaling techonology Inc, 

Danvers, MA, (1:100))  avoiding light in the surrounding environment. After a PBS wash, 

samples were mounted on slides, air dried and coverslipped with prolong anti-fade gold 

antifade reagent with 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen, Grand Island, 

NY) avoiding light in the surrounding environment  [24].  
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Sections were examined under Zeiss fluorescence microscope at 20X magnification 

under appropriate fluorescent filters avoiding light in the surrounding environment.  An 

observer blinded to the experimental conditions carried out cell counting.  

Specific Aim 3:  

Memory deficits and anxiety behavioral paradigms was used to evaluate functional 

outcomes. 

Materials and methods:  

Novel object recognition test: 

An opaque black acrylic box with dimensions 80 x 80 x 36 cm was used for the task. 

Animals were acclimated to the box for 3 days before BOP exposure. The animals that 

were subjected to the testing will undergo two tasks with a delay of 20 minutes between 

each trial for working memory evaluation.  

The first task (T1) involved the exposure of animal to identical “familiar” objects for 5 

minutes. In the second the task (T2), animals were exposed to a “familiar” object (same 

object used in the first task) and a novel object with which the animal was never 

exposed (Figure 2.4). 

 To eliminate the bias towards the objects, orientation of the animal when placed into 

the chamber was done such that animals does not get a first look on any of the objects 

as shown in the Figure 2.4. The tracking of the tasks were done by EthoVision™ 

tracking software. Precautions were taken by cleaning the chamber between the trails 

and the experimenter leaving the room when the experiment is underway [160].  

Data collection and exclusion criteria: 

The data is collected when the animal “noise point” is facing towards the object with in 

1.5x radius of object from the measured from center of the object (arena settings were 

done EthoVision™ tracking software). The animal that spent more than 75% of its time 

in T1 at one object will be excluded in the study in order to avoid the animal preferences 

in the one particular location in the experimental chamber. 
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Figure 2.5: Schematic representing an aeriel view of light and dark 

box. 

 

Figure 2.4: Schematic of NOR for working memory. 

 

                            

 

 

 

Light/dark box:  

The apparatus consisted of two equal acrylic compartments, one dark side closed with a 

lid and one light side (Figure 2.5). Rats were placed in the light area, facing away from 

the dark one, and were allowed to explore the novel environment for 5 min. The number 

of transfers from one compartment to the other along with the time spent in the light and 

dark side were measured. This test exploited the conflict between the animal's tendency 

to explore an open environment (non-anxiety like effect) and to stay in a defensive 

mode (anxiety like effect) [161]. 

 

 

 

Specific Aim 4:  

Behavioral changes were correlated with neurochemical, histological, and biomarker 

results in order to better understand the injury and recovery progression.   

T1 

T2 
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Materials and methods: 

The data obtained from specific aims 1-3 is correlated with specific aim 4 data using 

Pearson correlation or linear regression analysis.   

Statistics: 

Effects of blast exposure were measured in separate experiments. In each experiment, 

separate sham animals served as respective comparison groups to control for unknown 

influences (e.g. residual effects of isoflurane). Thus, statistical differences between 

sham and blast exposed rats were assessed with two tailed Student’s t-test with p < 

0.05 considered significant. A two tailed repeated measured ANOVA is used for the 

behavioral testing to find the differences associated with learning in novel object 

recognition paradigm with Bonferroni post hoc test. p<0.05 was considered statistically 

significant. Pearson correlation or linear regression is used to correlate levels of 

neurochemical with behavior outcome following blast overpressure exposure. Unless 

indicated otherwise, data were presented as mean + standard error of the mean (SEM).  
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Abstract   

Blast-induced neurotrauma (BINT) is a major concern due to the complex expression 

of neuropsychiatric disorders after exposure.  Disruptions in neuronal function, 

proximal in time to the blast exposure, may eventually contribute to the late emergence 

of the clinical deficits. Using magic angle spinning 1H magnetic resonance 

spectroscopy and a rodent model of blast-induced neurotrauma, we find acute (24-48 

hrs) decreases in succinate, glutathione, glutamate, phosphorylethanolamine, and 

GABA, no change in N-acetylaspartate, and increased glycerophosphorylcholine, 

alterations consistent with mitochondrial distress, altered neurochemical transmission, 

and increased membrane turnover. Increased levels of apoptotic markers Bax and 

caspase-3 suggested active cell death, consistent with increased Fluorojade B staining 

in hippocampus. Elevated levels of glial fibrillary acidic protein suggested ongoing 

inflammation without diffuse axonal injury measured by no change in β-amyloid 

precursor protein.   In conclusion, BINT induces a metabolic cascade associated with 

neuronal loss in the hippocampus in the acute period following blast-induced 

neurotrauma. 

 

Keywords: neurotrauma, apoptosis, 1H-MRS, blast, hippocampus 
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Introduction 

Blast-induced neurotrauma (BINT) or blast-induced traumatic brain injury is a serious 

health concern of individuals exposed to blast during their combat experience [1,2]. 

Cognitive functions, such as attention, memory, language and problem solving skills are 

negatively affected as a result of BINT [3,4]. These neurological disorders have a higher 

incidence in blast environments as compared to other BINT associated symptoms such 

as tinnitus [5]. Furthermore, late-emerging behavioral deficits in mood, anxiety, 

impulsivity, and emotional outbursts often confound a differential diagnosis because of 

similar symptoms associated with posttraumatic stress disorder (PTSD) [6-11]. Thus, 

due to the tardive nature of symptoms and comorbidity with PTSD, BINT-related deficits 

are substantially under-diagnosed [12,13]. The delayed appearance of symptoms is a 

critical factor in the underreporting of BINT and therefore discovery of predictive 

biomarkers around the time of exposure might enhance treatment strategies. Besides 

complications with differential clinical diagnosis, the biomolecular mechanism underlying 

BINT that gives rise to cognitive deficits is poorly understood. 

            Human and animal studies have provided evidence of cognitive deficits following 

BINT [5,6, 14-17]. However the molecular cascades that are triggered by the blast 

energy transmission have not been identified. In contrast, impact-related traumatic brain 

injury is well described and is characterized by diffusion axonal injury and cell death. 

Alterations in neurochemistry are reported to play a key role in these negative outcomes 

[18-20]. Therefore, investigating if similar neurochemical shifts occur in blast 

neurotrauma will allow for clinically translatable research.  

Magnetic resonance spectroscopy (MRS) offers a unique non-invasive approach for 

assessing the metabolic status of brain in vivo both in humans and animals, therefore 

this approach may provide a best fit to study neurotrauma. Recent studies have 

demonstrated the importance of MRS in the field of traumatic brain injury [21-23]. The 

number of MR-visible neurochemicals in MRS at clinical field strengths up to 4 Tesla 

include N-acetyl aspartate (NAA—which also includes some signal from N-acetyl-

aspartylglutamate), total choline (tCho—a combination of free choline (CHO), 

glycerophosphorylcholine (GPC) and phosphorylcholine (PCH)), creatine (Cre—



32 
 

including phosphocreatine ) glutamate (GLU), glutamine (GLN), γ- amino butyric acid 

(GABA) , and myo-inositol (INS) [24,25]. NAA is a major peak in the 1H-MRS spectrum 

and is localized to adult neuronal mitochondria. It has been used  as a clinical marker of 

neuronal integrity in different neurological disorders such as Amyolateral Sclerosis ALS 

and stroke [26,27]. Glutamate is the main excitatory neurotransmitter in brain and is 

implicated in excitotoxicity which is a probable cause in traumatic brain injury (TBI) 

etiology.  

                    In this study, we used a special application of MRS, high resolution magic 

angle spinning (HR MAS) MRS for studying intact brain tissue excised from the rat. 

Although this particular technique is invasive and performed ex vivo, it has several 

advantages such as providing considerable anatomic resolution and increasing the 

number of neurochemicals (about 25) measured with more accuracy as a result of 

better spectral resolution.  Furthermore, it requires no physical disruption of the brain 

tissue.  Thus, the results have direct translational capability since the chemical shift 

spectral region is identical to that measured in clinical scanners. 

The objective of this study was to investigate both the neurochemical and cellular 

responses in the acute (24 and 48 hours) period after exposure to low level blast waves.  

Given the cognitive impairments and mood disorders associated with BINT, we focused 

on potential effects in the rat hippocampus [4, 5, 28, 29]. 

                   Furthermore, we determined levels of protein markers for apoptosis (Bax, 

Bcl-2, caspase 3), diffuse axonal injury (β-amyloid precursor protein), 

neurodegeneration (FluoroJade B) and inflammation (GFAP) using Western blotting and 

immunohistochemistry to investigate potential biochemical cascades associated with 

neurodegeneration.   Overall, the data are consistent with the hypothesis that 

mitochondrial oxidative stress and an active neurodegenerative process occur in the 

hippocampus in the acute period following BINT.  

Materials and methods 

Animals and testing parameters 
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The Wayne State University Institutional Animal Care and Use Committee approved 

experimental protocols described herein. Prior to all experiments, male Sprague Dawley 

rats (~250 g, Harlan Labs, San Diego) were acclimated for at least three days (12 hr 

light/dark) and food and water provided ad lib.  The shock front and dynamic 

overpressure was generated by a custom-built shock tube (0.305 m diameter, 6 m 

shock-producing tube attached to 1 m compression chamber, ORA Inc. Fredericksburg, 

VA.) located at the Wayne State University Bioengineering Center. A peak static 

overpressure was produced with compressed helium and calibrated Mylar sheets (GE 

Richards Graphics Supplies Inc., Landsville, PA).  Exposure pressures were determined 

by sensors placed within the tube (2.4 m apart) and one placed on the platform holding 

the rat.  Pressure measurements were collected at 250 kHz using a Dash 8HF data 

acquisition system (Astro-Med, Inc, West Warwick, RI) and shock wave profiles were 

verified to maintain consistent exposure pressures between subjects.  Rats were 

harnessed and positioned in the tube 1.09 m from the open end with a rostral cephalic 

orientation towards the shock wave (Figure 3.1). Rats were exposed to a single incident 

pressure profile resembling a ‘free-field’ blast exposure.  Additionally, the harness was 

attached to a sled to reduce the dynamic pressure load and prevent translation of the 

entire body [30]. The animals were anesthetized with 3% isoflurane and exposed to 

peak overpressure of 117 kPa for 7.5 msec duration, while control animals were 

anesthetized with 3% isoflurane but did not experience the overpressure. Given that we 

were interested in the enduring effects of the blast, that there were no fatalities, and that 

the animals (including controls) were anesthetized during blast exposure, we deemed 

that collection of physiological parameters at the time of the blast was not germane to 

the tested hypothesis. Animals (histology group; n=5 sham and 5 blast at 24 hours and 

48 hours. 1H-MRS group; n=5 sham and n = 5 blast at 24 hours, n= 9 sham and n=10 

blast at 48 hours) were sacrificed by decapitation (MRS studies) or cardiac perfusion 

(histology studies) at either 24 or 48 hours following blast. 
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Figure 3.1:  (A) The Wayne State University Bioengineering shock tube generates a 

consistent shock wave profile. (B) The placement of the animals is 1.09 m into the 

shock tube  

1H-MRS analysis 

After decapitation, whole brains were immediately removed, placed in a chilled brain 

matrix (ASI, Warren, MI), and cut in 2 mm coronal slices. Slices were frozen on solid 

CO2, then two contralateral, 1.5 mm (diameter) punches taken from the individual slices 

that contained the regions of interest.  The 1.5 mm diameter punch was centered 

approximately 2 mm from the midline with the dorsal border tangential to the cortical-

hippocampal fissure and contained elements of CA1, CA2, and CA3 as well as dentate 

gyrus [31].  Frozen punches were transferred to micro-centrifuge tubes and stored at -

80°C until HR-MAS 1H MRS.  

          Frozen intact tissue samples were weighed (~2 mg) and placed directly into a  

Bruker zirconium rotor (4 mm diameter, 10 µL capacity) containing 5 µL buffer (pH= 7.4; 

100 mM potassium phosphate, 200 mM sodium formate, 1 g/L NaN3  and 3mM 

trimethylsilyl-propionate  (TSP Sigma; St Louis, MO) diluted with an equal volume of 

D2O containing 0.75% TSP).  TSP serves as an internal chemical shift reference (0.00 

ppm), formate (8.44 ppm) for phase corrections, and D2O to lock on the center 

frequency.  The rotor (with sample) was placed into a Bruker magic angle spinning 

probe maintained at 4ºC in a vertical wide-bore (8.9 cm) Bruker 11.7 T magnet  with an 
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AVANCETM DRX-500 spectrometer (Bruker Biospin Corp., Billerica, MA).  Rotors were 

spun at 4200 + 2Hz at 54.7° relative to the static magnetic field B0.   

Field inhomogeneities were compensated using first and second order manual and 

semi-automated shimming. After a pre-saturation pulse for water suppression, tissue 

spectra were acquired with a rotor-synchronized 1-D Carr-Purcell-Meiboom-Gill (CPMG) 

pulse sequence [90-(τ-180-τ)n-acquisition] [32]. The inter-pulse (τ = 150 μs and the 180° 

echo pulse was applied n=12 times) for a total echo time TE = 3.6 ms.  The 900 degree 

pulse length was 6 μs, acquisition time = 1.169 s, 16384 complex data points, TR = 6.21 

s, and a spectral band width of 7 kHz (14 ppm) was used. The number of transients 

(number of samplings) was 64 with total acquisition time of 3 minutes and 48 seconds. 

Signals were acquired with Bruker-XWINNMR (v 3.6 software) and the identical brain 

regions from all animals in an experimental cohort were analyzed in the same session.  

Spectra were analyzed with a custom LCModel  software package version 6.1-4, 

utilizing a linear combination of 27 individual neurochemical model spectra (basis set) 

as well as non-specific lipid signals to fit the tissue spectrum and calculate absolute 

concentration values for neurochemicals with signals between 1.0 – 4.2 ppm [32] 

(Figure 3.2).   

           The precision of the LCModel fit to the spectral data was estimated with Cramér-

Rao bounds; CRB were typically <10% and metabolites with CRB > 25% were not 

considered for further analysis. LCModel analyzes of sample spectrum as a linear 

combination of model spectra obtained from the individual standard solutions of known 

concentrations. Advantages of the LCModel are spectral complexity since multiple 

chemical shifts (from J-coupling) are used for each compound.  LCModel is also 

automatic (non-interactive), it adapts to the data and seeks the smoothest line shape 

and baseline consistent with data. All the data in the 1-4ppm range are used 

simultaneously in a least squares analysis obtain concentrations, line shapes, 

referencing shifts, baseline, and phasing [33-35]. To account for variations in the mass 

of individual samples, absolute concentrations of MR visible metabolites were corrected 

for tissue weight and are expressed as nmol/mg of wet tissue weight; variance 

associated with means suggests a substantial degree of analytical reproducibility [36]. 
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Immunohistochemistry 

Fluoro-Jade B (FJB) analysis 

 FJB is a fluorescein dye with high specificity for neuronal degeneration (Schmued and 

Hopkins, 2000).  Fixed brains were embedded with optimal cutting temperature 

compound (OCT) (Sakura Finetek USA, Inc.,Torrance, CA) then frozen on solid CO2. 

Starting at the rostral pole of the hippocampus and ending at the caudal pole, 40 µm 

tissue sections were prepared with a microtome. Sections were obtained from the area 

ranging from bregma -2.04 to bregma -4.08.  Sections were stained with Fluoro-Jade B 

as described [37].  Briefly, brain slices were incubated in 1% NaOH-80% ethanol, 

hydrated in 70% ethanol, and then washed in distilled water. The sections were 

subsequently incubated in 0.006% potassium permanganate (Sigma-Aldrich, St. Louis 

MO) on a rotating stage, rinsed in distilled water, and incubated in a 0.0004% solution of 

FJB (Histochem Inc., Jefferson, AR).  They were then rinsed in distilled water, air-dried 

and placed on slide warmer until fully dry. The dry slides were cleared in xylene and 

mounted with 1,3-diethyl-phenylxanthine (Sigma-Aldrich; St. Louis, MO). An observer 

blind to the experimental conditions carried out cell counting; counts were based on the 

morphology, fluorescent intensity, size and location of specific neurons using a Zeiss 

epifluoroscence microscope. The number of FJB+ neurons reported was determined in 

the entire hippocampus using multiple coronal slices.  

β-Amyloid precursor protein (β-app), and caspase-3 

Microtome slices were obtained as noted above and tissue sections evaluated for levels 

of β-APP and caspase-3. Brain slices were washed with phosphate buffered saline 

(PBS), placed in citrate buffer and incubated at 70-80°C for 1 hour. The samples were 

thoroughly washed with PBS, placed in 0.3% H2O2 at room temperature for 1 hour and 

then washed with PBS. Slices were incubated overnight in goat serum containing 

primary antibodies for β-APP (1:250) (Invitrogen Inc., Carlsbad, CA) or cleaved caspase 

-3 (1:100) (Cell Signaling, Danvers, MA).  Following a PBS wash, the samples were 

incubated for 1 hour with secondary anti-rabbit IgG antibodies (Vector Laboratories, 

Burlingame, CA). After a PBS wash, samples were placed for 1 hour in avidin biotin 

conjugate (Vector Laboratories, Burlingame, CA), washed with PBS, then incubated in 
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DAB peroxidase substrate (Vector Laboratories, Burlingame, CA) for 5 min. The 

samples were cleared in xylene, air dried and coverslipped with Permount (Fisher Inc., 

Fair Lawn, NJ). Sections were examined at 200X on a Zeiss AxioVision microscope by 

a blinded observer and analysis was conducted with 200x magnification. 

Western blotting 

A contralateral punch from the same brain slice used for 1H-MRS was weighed then 

homogenized in a lysis buffer (40mM Tris-HCl, pH 7.5, 150 mM NaCl, 2.5 mM EDTA, 

pH 8.0, 1% v/v Triton X-100, and 1:10 diluted protease inhibitor cocktail (Sigma-Aldrich 

Inc. St. Louis, MO). Protein samples (5 μg) were separated on a 12% polyacrylamide 

gel (Bio-Rad Inc), and transferred electrophoretically to a PVDF membrane (Bio-Rad, 

Hercules, CA) [38]. The membrane was blocked with 5% nonfat dry milk in TRIS 

buffered saline (TBS)-Tween 20 (0.1%) then incubated with primary antibodies (anti-

Bax (1:500), anti-Bcl2 (1:250) (Santa Cruz Inc., Santa Cruz,CA), anti-β actin (1:5000) 

(Sigma-Aldrich Inc. St. Louis, MO), or anti-GFAP (1: 500) (Millipore, Billerica, MA) at 

4˚C overnight. The antibodies were detected using HRP-conjugated anti-rabbit IgG or 

anti-mouse secondary antibodies (1:2000) (Santa Cruz, Inc., Santa Cruz, CA) as 

appropriate. Image J software is used to perform densitometry after the blots were 

developed using chemiluminescence [39]. 

Statistics 

Effects of blast exposure were measured in two separate experiments (i.e. 24 and 48 

hours).  In each experiment, separate sham-treated animals served as respective 

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

isoflurane).  Thus, statistical differences between sham and blast exposed rats were 

assessed with Student’s t-test or ANOVA with p < 0.05 considered significant.  Unless 

indicated otherwise, data are presented as mean + standard error of the mean (SEM). 

Results 

Neurochemical assessment by 1H-MRS 

Given the relatively short period (24-48 hr) between blast exposure and tissue analysis, 

we focused on metabolome changes as they relate to disrupted energy homeostasis 
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rather than long term neurotoxicity and loss of neuropil.  This approach is reinforced by 

the observation that disrupted mitochondrial energy status and the resultant oxidative 

stress is a key pathway that is activated in the early stages after brain injury [40,45]. 

The levels of succinate, glutamate, GABA, glutathione, alanine, and 

phosphorylethanolamine (PEA) decreased significantly 24 hours after BINT (Figure 3.2).  

Levels of N-acetylaspartate, lactate, creatine, taurine, betaine, myo-inositol and 

glutamine were not significantly different from their respective sham-treated subjects 

when measured either at 24 or 48 hours post-BINT.  

 

Figure 3.2: Chemical shift spectrum from ~2 mg of rat brain hippocampus (256 

averages) demonstrates the resolution of constituents and sensitivity at 500 MHz. Peak 

assignments are based on identical chemical shifts of standards dissolved in the same 

buffer (identical pH, temperature) as used for tissue analysis (see Materials and 
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methods). The basis set for the customized LCModel used for rat brain also 

compensates for nonspecific lipid resonances at 1.2, 1.4, 1.6 and 1.7 ppm 

Lactate, LAC; Alanine, ALA; γ- amino butyric acid, GABA; N-acetyl aspartate, NAA; N-

acetyl aspartate glutamate, NAAG; Glutamate, GLU; Glutamine, GLN; Glutathione, 

GSH; Succinate, SUC; Aspartate, ASP; Choline, CHO; Phosphocholine, PCH; 

Glycerophosphocholine, GPC; Betaine, BET; Inositol, INS; Taurine, TAU; Glycine, GLY; 

Creatine, CRE; Phosphorylethanolamine, PEA. 

There were significant decreases in glutathione (GSH), PEA, and succinate at 48 hours 

(Figure 3.3). Glycerophosphorylcholine (GPC) levels tended to increase at 24 hours, a 

trend that was significant when determined at 48 hours post-BINT.  Similar to 

observations with absolute values of neurometabolites, ratios of glutathione, glutamate, 

succinate, and PEA to creatine decreased 24 hours after BINT; PEA, GSH, and GPC 

ratios to creatine significantly altered at 48 hours post-BINT.  The lactate/succinate ratio 

significantly increased 24 (but not 48) hours after BINT.  

Immunohistochemistry 

β-Amyloid precursor protein  

Incubation of hippocampal slices with an antibody directed against β-amyloid precursor 

protein revealed no staining in either the sham or blast exposed animals, suggesting 

that diffuse axonal injury had not occurred in this brain region in response to blast 

overpressure (data not shown). 

FluoroJade B (FJB) 

Analysis of hippocampal neuronal degeneration as determined by FJB staining revealed 

increased FJB-positive neurons in the CA1 and CA2/ CA3 subfields of the hippocampus 

(Figure 3.4). The mean of the FJB+ neurons was 116.2±11.3 neurons/mm2 and 

191.8±68.4 neurons/mm2 at 24 and 48 hours after BINT compared to 3.2±0.2 

neurons/mm2 and 14.8±1.59 neurons/mm2 in the 24 and 48 hour sham controls in the 

total hippocampal region (Figure 3.4). 
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Figure 3.3: Summary of statistically significant changes in MR-visible neurochemical 

profiles 24 h after blast-induced neurotrauma (BINT). Each bar is the mean and 

standard error of the mean (SEM) from separate experiments at 24 and 48 h; absolute 

concentrations are presented in the table. CRE, creatine; GABA, g-aminobutyric acid; 

GLU, glutamate; GSH, glutathione; LAC, lactate; NAA, N-acetylaspartate; PEA, 

phosphorylethanolamine; SUC, succinate. *p < 0.05; #p = 0.08  
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Figure 3.4: Active neurodegeneration in the hippocampus, indicated by positive 

FluoroJade B (FJB) staining, increased substantially after blast-induced neurotrauma 

(BINT). Forty-eight hours after BINT, FJB-positive neurons indicate active degeneration 

in CA1 (A) and CA3 (C) subfields of the hippocampus, whereas sham-treated animals 

showed minimal FJB-positive staining in CA1 (B) or CA3 (D). Graph depicts the 

quantification of FJB-positive neurons, revealing a significant increase at both 24 and 48 

h after blast overpressure (mean ± standard error of the mean; *p < 0.05; **p < 0.001). 

Caspase-3 

Expression of the apoptotic marker cleaved caspase-3 showed an increasing trend 24 

hours after BINT (289+86 vs 153 + 22 neurons/mm2 ) and by 48 hours after BINT the 

trend was significant (370±17 vs. 66±20 neurons/mm2 p<0.001) (Figure 3.5). 
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Figure 3.5: Cleaved caspase-3-positive neurons in the CA1 subfield of the hippocampus 

were increased significantly 48 h after blast-induced neurotrauma (BINT). 

Representative sections from the sham group at 24 h (A) and 48 h (C). Although levels 

of cleaved caspase-3 were increased after 24 h (B), the effect only achieved statistical 

significance 48 h after BINT (D). Widespread caspase-3-positive cells are observed in 

the hippocampus (D). The graph depicts the quantification of caspase-3 across 

experimental groups, revealing a significant increase 48 h after BINT (mean ± standard 

error of the mean; *p < 0.001). 

Western blotting 

Additional indices of neurodegeneration in the hippocampal subfields were determined 

by measuring protein levels of GFAP, Bax and Bcl-2 (all normalized to actin levels). The 

GFAP- actin ratio increased by 85% (p < 0.02) at 24 hours (0.098±0.0013) when 

compared to the 24 hours sham group (0.053±0.010); there were no significant 

differences between groups 48 hours after BINT (Figure 3.6).  The Bax-actin ratio 

increased significantly (P<0.02) at 48 (but not 24) hours in animals exposed to 

overpressure (1.50±0.35) when compared to the sham group (0.65±0.10) (Figure 3.7). 

Bcl-2/actin ratios were not significantly different from shams when measured either 24 

or 48 hours after BINT (data not shown). 
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Figure 3.6: Early increase in glial fibrillary acidic protein (GFAP) is followed by a delayed 

increase in hippocampal Bax. Compared with the respective controls, GFAP, a measure 

of astrogliosis, increased significantly 24 h (representative blots show blast groups B1–

B3 and sham groups S1–S3), but not 48 h, after blast-induced neurotrauma (BINT). 

Bars represent mean standard error of the mean (*p < 0.02)

 

Figure 3.7: Levels of Bax, unchanged at 24 hours, were significantly increased 48 hours after 

BINT (mean + SEM, *p<0.01).  Representative blots (A1-A5 are from blast exposed subjects) 

show increased levels of the apoptotic marker Bax in the blast group as compared to the shams 

(S1-S5) . 

Discussion: 

          Our results demonstrate that exposure to a calibrated blast overpressure induces 

a neurodegenerative process in the hippocampus of rats when measured in the early 

period (24-48 hours) after blast. Based on changes in metabolic intermediaries, we 
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suspect that the neurodegenerative process was a consequence of oxidative stress and 

mitochondrial dysfunction.  Although our observations were determined in the acute 

phase after BINT, the early vulnerability of the hippocampus may portend behavioral 

deficits that emerge long after the BINT. Moreover, the degree of hippocampal injury 

suggests that the common reference to ‘low-level’ blast may be an inaccurate moniker. 

Metabolic response to BINT 

Twenty four hours after blast exposure, hippocampal succinate was significantly 

decreased by 22%, a deficit that lessened to 13% at 48 hours post BINT.  This 

perturbation of a key intermediate in the tricarboxylic acid cycle (TCA) one or two days 

after blast is consistent with a disruption in the efficiency of oxidative phosphorylation 

and hence energy status in the hippocampus.  Moreover, decreased TCA efficacy will 

lead to a deficit in NADH and other reducing equivalents and eventually contribute to a 

milieu of oxidative stress and the increased lactate to succinate ratio (at 24 hr) is 

consistent with impaired mitochondrial oxidative phosphorylation. Mitochondrial failure is 

often linked to stimulation of anaerobic glycolysis and change in lactate. However 

mitrochondrial failure is not limited to change in lactate levels. Regulation of succinate 

and glutathione is highly associated with mitochondrial failure when TCA cycle is 

compromised and alternative energy pathways (Pentophosphate pathway and GABA 

shunt) are in function to maintain energy status. Wide range of literature also suggests 

the role of glutathione and succinate as surrogate marker for mitochondrial dysfunction 

[41-44]. 

The mechanism responsible for decreased succinate, either decreased synthesis from 

α-ketoglutarate or increased conversion to fumarate remains to be determined; 

however, decreases in succinate, glutamate, and GABA are consistent with decreased 

activity of the GABA shunt that depends on α-ketoglutarate as a starting substrate.  

Compromised activity in the GABA shunt may be a particular concern for maintenance 

of proper neurotransmission in hippocampal GABA-containing neurons.  The absence 

of change in glutamine levels (or glutamine/glutamate ratios) at 24 or 48 hours indicates 

a resistance of astroglial mitochondria to the insult and/or a return to equipoise of any 

potential disruptions in the glutamate-glutamine cycle. Although NAA levels may reflect 
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acute changes in mitochondrial integrity, levels were unchanged under the present 

conditions [45-49].  Neither NAA levels nor those of creatine were altered at this early 

stage after BINT, however the GSH/NAA ratio was significantly decreased at 24 (but not 

48) hours, consistent with the relationship of mitochondrial damage posited by Clark 

[46]. Besides its role in mitochondrial acetate homeostasis, the high concentration of 

NAA and its localization to neuronal mitochondria make it a surrogate marker of 

neuronal density in clinical 1H-MRS.  The absence of an effect on NAA at these early 

time points suggests that NAA is not a suitable marker of early hippocampal disruption.  

Alternatively, the large NAA reserve (~ 5-10 mM) may buffer against significant 

alterations at this early stage of insult. 

          Blast-induced decreases in GSH, a major anti-oxidant in neurons, is consistent 

with a cellular response to increased reactive oxygen species and/or a compromised 

ability to reduce oxidized glutathione by glutathione:NADPH reductase [41].   Decreased 

GSH and compromised TCA would also be expected to increase the pentose 

phosphate pathway in an attempt to maintain NADPH for glutathione reductase.  As 

GSH levels fall, an inability to neutralize oxidized species would also contribute to lipid 

peroxidation and membrane turnover, as indicated by an increased GPC/PEA ratio at 

both 24 and 48 hours. Since GPC is the final catabolic species of phospholipase A2 

mediated breakdown of membrane PtdCho to produce inflammatory mediators (such as 

arachidonic acid, prostaglandins, leukotrienes, and platelet activating factor), increased 

GPC at 24 and 48 hours after blast may reflect an elevated state of inflammation. 

Ultimately, the loss of energy status may activate apoptotic pathways leading to 

hippocampal neuronal loss and related clinical deficits.   

Cellular response to BINT 

Within 24 hours after BINT, GFAP levels increased in the hippocampus, an effect that 

subsided by 48 hours.  Since GFAP is a marker of reactive astrogliosis, the increase at 

24 hours is consistent with an early activation of inflammatory astrocytic pathway. GFAP 

is also commonly unregulated in glial scarring which acts as a physical and interactive 

barrier for neuronal signaling [50,51]. Reports by Svetlov et al. and Cernak et al.  note 

similar increases in GFAP at 24 hours post insult. Labeling with Fluoro Jade-B, a 
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marker of neuronal degeneration, also increased at 24, and to a greater extent at 48 

hours after BINT suggesting an acute neurodegenerative process in the hippocampus 

[52, 53].  The absence of change in β-amyloid precursor protein levels after primary 

blast injury is consistent with other blast related studies and does not support an active 

diffuse axonal injury typically associated with blunt force trauma to the head [19,54]. To 

assess for potential cell death after BINT, we evaluated the pro-apoptotic and anti-

apoptotic markers caspase-3, Bax, and Bcl-2, respectively. The significant rise in Bax 

combined with no change in Bcl-2 at 48 hours post exposure indicates an ongoing 

initiation of apoptosis.  The increased expression of caspase-3 suggests an active 

apoptotic process at 48 hours post blast.   

A limitation of our study is animals were anesthetized with isoflurane during the short 

blast exposure.  Isoflurane is neuroprotective could acutely modify levels of glutamate 

and glutamine by facilitating GABAA receptor mediated inhibition.  As such, the effect of 

blast exposure in a non-anesthetized individual would be predicted to be more 

extensive than the present observations. Also, neuronal changes (e.g. glutamate 

release) in the acute period (i.e. <24 hours) after blast as well as the anatomical 

specificity of the effects, remain to be determined. 

Conclusions 

Overall the results suggest that exposure to an overpressure from a blast is deleterious 

to hippocampal cells in the rat.  In particular, the metabolic response determined with 

1H-MRS is consistent with mitochondrial distress and this loss of mitochondrial integrity 

is accompanied by histological and molecular evidence of neuronal degeneration and 

apoptosis. Although the long term effect of overpressure on hippocampal function 

remains to be determined, the early response noted herein may be related to tardive 

emergence of clinical symptoms such as depression, emotional outbursts and anxiety 

associated issues could be addressed.  The results also highlight the potential utility of 

clinical 1H-MRS imaging in the treatment of BINT. 
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Introduction 

Exposure to blast overpressure has been reported to trigger various neurological 

problems and is often associated with more than one symptom of traumatic brain injury 

(TBI) such as headaches, tinnitus, distress, irritability, and nausea [1-6]. These 

outcomes often involve dysfunction in various centers of the brain such as the limbic 

system, nucleus accumbens (NAC), basal ganglia and frontal lobes. These dysfunctions 

most likely result from direct damage to the cognitive centers or indirectly through the 

circuits which connect them.   While blast overpressure has been extensively studied in 

association with injury to the hippocampus [6-11], blast brain injury has been labeled as 

diffuse [3, 12-14].  As such, damage to other regions of the brain should be thoroughly 

examined in order to characterize the global effect of blast overpressure on the brain.  

Several psychiatric outcomes such as mood, anxiety, impulsivity, and emotional 

outbursts, have been linked to individuals who have been exposed to blast [15-18]. 

Blast induced neurotrauma (BINT) has also been reported to be associated with 

aggression, suicidal tendency and irritability [9, 19]. Further evidence suggests that 

personnel associated with BINT are more likely to become dependent on alcohol and/or 

other drugs to diminish the distress which is evoked after blast exposure [20-24]. 

Cellular injury effects can directly evoke stress-related responses and there is a high 

risk of substance abuse to counteract the stress [20]. These effects are reported to be 

caused by changes in neurochemical levels, mainly the monoamine, serotonin and 

dopamine systems [21, 22]. 

Few studies have attempted to address the negative neurological outcomes which are a 

consequence of blast exposure.  Moreover, research has been limited to evaluating 

potential damage to the hippocampus. The need to understand the vulnerability of other 

cognitive centers is vital to determine the widespread effect that blast has on the brain.  

The NAC plays an important role in reward pathways, addiction, aggression and fear 

which are consequences reported in those suffering from BINT.  Furthermore, NAC has 

direct circuitry connections with the anxiety (amygdala), emotion and memory 

(hippocampus and prefrontal cortex) centers of the brain [23, 24]. The current study 

focused on possible injury to the NAC after blast overpressure pressure using an animal 
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model. Furthermore, studies for pro- and anti-apoptotic markers to further elucidate the 

cascade of events that may be associated with the neurochemical alternations were 

conducted. Understanding key centers, such as the NAC, can reduce confounds 

involved with the differential diagnosis following BINT.  It is hypothesized that blast 

overpressure causes inflammation and neurochemical changes that triggers apoptosis 

in NAC. This could negatively affect the functional outcome of NAC. These events may 

lead to stress-related behavioral outcomes and subsequent psychiatric sequelae.  

In order to identify and measure alterations in neurochemicals associated with brain 

injury, high resolution magic angle proton magnetic resonance spectroscopy (HRMAS 

1H-MRS) along with high performance liquid chromatography (HPLC) for monoamine 

systems is used. The non-invasive nature of clinical 1H-MRS provides an ideal modality 

to assess pathological changes in neurochemistry [25].  Despite the extensive use of 

1H-MRS for clinical neuroscience, a definitive understanding of disease-induced 

alterations in the neurochemical profile is in a nascent stage.  Therefore, preclinical 1H-

MRS studies with relevant animal models provide a basis for understanding 

neurobiological processes as well as informing the interpretation of clinical 1H-MRS 

observations.  The overall goal of the study was to investigate pathological effects blast 

overpressure has on the NAC in order to elucidate reports of subsequent adverse 

changes in behavioral and cognition. 

Methods 

Animal handling and care 

The Wayne State University Institutional Animal Care and Use Committee approved 

experimental protocols described herein. Prior to all experiments, male Sprague Dawley 

rats (~250 g, Harlan Labs, San Diego) were acclimated for at least three days (12 hour 

light/dark) and food and water provided ad lib.  Animals (n=5 sham and n=5 blast at 24 

hours, n=10 sham and n=10 blast at both 48 and 72 hours) were sacrificed by 

decapitation. 

Testing parameters 
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The shock front and dynamic overpressure was generated by a custom-built shock tube 

(0.305 m diameter, 6 m shock-producing tube attached to 1 m exposure chamber, ORA 

Inc. Fredericksburg, VA.).  Previous research by VandeVord et al (2012) determined 

that an overpressure of 117kPa significantly caused neurological deficits in this rodent 

model of blast [10]. Briefly, a positive phase of peak static overpressure of 117kPa (7.5 

msec duration) was produced with compressed helium and calibrated Mylar sheets (GE 

Richards Graphics Supplies Inc., Landsville, PA).  Exposure pressures were determined 

by sensors placed within the tube and one placed on the platform holding the rat.  

Pressure measurements were collected at 250 kHz using a Dash 8HF data acquisition 

system (Astro-Med, Inc, West Warwick, RI) and shock wave profiles were verified to 

maintain consistent exposure pressures between subjects.  Rats were anesthetized with 

3% isoflurane, harnessed and positioned in the tube 1.09 m from the open end with a 

rostral cephalic orientation towards the shock wave. Blast group rats were exposed to a 

single incident pressure profile resembling a ‘free-field’ blast exposure (Figure 4.1).  

Sham animals were anesthetized with the same isoflurane induction but did not 

experience the shock wave exposure.  Animals were sacrificed at 24, 48 and 72 hours 

following blast exposure for analysis.  

 

Figure 4.1: Representative pressure profile of the shock wave that is generated from the 

shock tube. 

1H-MRS analysis 
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After decapitation, whole brains were immediately removed, placed in a chilled brain 

matrix (ASI, Warren, MI), and cut in 2 mm coronal slices. Slices were frozen on solid 

CO2, then two contralateral, 1.5 mm (diameter) punches taken from the individual slices 

that contained NAC.  Frozen punches were transferred to micro-centrifuge tubes and 

stored at -80°C until HRMAS 1H MRS.  

          Frozen intact tissue samples were weighed (~2 mg) and placed directly into a  

Bruker zirconium rotor (4 mm diameter, 10 µL capacity) containing 5 µL buffer (pH= 7.4; 

100 mM potassium phosphate, 200 mM sodium formate, 1 g/L NaN3  and 3mM 

trimethylsilyl-propionate  (TSP Sigma; St Louis, MO) diluted with an equal volume of 

D2O containing 0.75% TSP).  TSP serves as an internal chemical shift reference (0.00 

ppm), formate (8.44 ppm) for phase corrections, and D2O to lock on the center 

frequency.  The rotor (with sample) was placed into a Bruker magic angle spinning 

probe maintained at 4ºC in a vertical wide-bore (8.9 cm) Bruker 11.7 T magnet  with an 

AVANCETM DRX-500 spectrometer (Bruker Biospin Corp., Billerica, MA).  Rotors were 

spun at 4200 + 2Hz at 54.7° relative to the static magnetic field B0.   

Field inhomogeneities were compensated using first and second order manual and 

semi-automated shimming. After a pre-saturation pulse for water suppression, tissue 

spectra were acquired with a rotor-synchronized 1-D Carr-Purcell-Meiboom-Gill (CPMG) 

pulse sequence [90-(τ-180-τ)n-acquisition] [32]. The inter-pulse (τ = 150 μs and the 180° 

echo pulse was applied n=12 times) for a total echo time TE = 3.6 ms.  The 900 degree 

pulse length was 6 μs, acquisition time = 1.169 s, 16384 complex data points, TR = 6.21 

s, and a spectral band width of 7 kHz (14 ppm) was used. The number of transients 

(number of samplings) was 64 with total acquisition time of 3 minutes and 48 seconds. 

Signals were acquired with Bruker-XWINNMR (v 3.6 software) and the identical brain 

regions from all animals in an experimental cohort were analyzed in the same session.  

Spectra were analyzed with a custom LCModel  software package version 6.1-4, 

utilizing a linear combination of 27 individual neurochemical model spectra (basis set) 

as well as non-specific lipid signals to fit the tissue spectrum and calculate absolute 

concentration values for neurochemicals with signals between 1.0 – 4.2 ppm [32]. 
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           The precision of the LCModel fit to the spectral data was estimated with Cramér-

Rao bounds (CRB); CRB were typically <10% and metabolites with CRB > 25% were 

not considered for further analysis. LCModel analyzes of sample spectrum as a linear 

combination of model spectra obtained from the individual standard solutions of known 

concentrations. Advantages of the LCModel are spectral complexity since multiple 

chemical shifts (from J-coupling) are used for each compound.  LCModel is also 

automatic (non-interactive), it adapts to the data and seeks the smoothest line shape 

and baseline consistent with data. All the data in the 1-4ppm range are used 

simultaneously in a least squares analysis obtain concentrations, line shapes, 

referencing shifts, baseline, and phasing [33-35]. To account for variations in the mass 

of individual samples, absolute concentrations of MR visible metabolites were corrected 

for tissue weight and are expressed as nmol/mg of wet tissue weight; variance 

associated with means suggests a substantial degree of analytical reproducibility [11]. 

High performance liquid chromatography (HPLC) 

Contralateral NAC punch from was weighed, sonically disrupted in 200 μL of 0.2M 

HCLO4 and then centrifuged for 15 min to remove cellular debris. A 100 μL aliquot of 

the clear supernatant was added to sample vials that were placed in an ESA 542 auto 

injector. 10 μL of the sample was injected onto a C18-RP column (300C) with ESA MD-

TM mobile phase running at a flow rate of 0.6 ml/min. Coulometric detection was 

accomplished with an ESA 5011A dual electrode cell and the signal analyzed on a 

EZChrome Elite data processing platform. Absolute tissue values of (ng/mg) 

norepinephrine (NE), 3,4-dihydroxyphenylacetic acid (DOPAC), dopamine (DA), 5-

hydroxyindoleacetic acid (5HIAA), homovanillic acid (HVA) and serotonin (5HT) were 

calculated by comparison to external standard curves determined with each batch of 

tissue samples. 

Western blotting 

A contralateral punch from the same brain slice used for 1H-MRS was weighed then 

homogenized in a lysis buffer (40mM Tris-HCl, pH 7.5, 150 mM NaCl, 2.5 mM EDTA, 

pH 8.0, 1% v/v Triton X-100, and 1:10 diluted protease inhibitor cocktail (Sigma-Aldrich 

Inc. St. Louis, MO). Protein samples (5 μg) were separated on a 12% polyacrylamide 
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gel (Bio-Rad Inc), and transferred electrophoretically to a polyvinylidene fluoride (PVDF) 

membrane (Bio-Rad, Hercules, CA). The membrane was blocked with 5% nonfat dry 

milk in TRIS buffered saline (TBS)-Tween 20 (0.1%) then incubated with primary 

antibodies (anti-Bax (1:500), anti-Bcl-2 (1:250) (Santa Cruz Inc., Santa Cruz, CA), anti-β 

actin (1:5000) (Sigma-Aldrich Inc. St. Louis, MO), or anti-GFAP (1: 500) (Millipore, 

Bedford, MA) at 4˚C overnight. The antibodies were detected using HRP-conjugated 

anti-rabbit IgG or anti-mouse secondary antibodies (1:2000) (Santa Cruz, Inc., Santa 

Cruz, CA) as appropriate. Blot intensity was determined with chemiluminescence [26].  

Statistics 

Effects of blast exposure were measured in separate experiments (i.e. 24, 48 and 72 

hours). In each experiment, separate sham-treated animals served as respective 

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

isoflurane). Thus, statistical differences between sham and blast exposed rats were 

assessed with Student’s t-test with p < 0.05 considered significant. Unless indicated 

otherwise, data are presented as mean + standard error of the mean (SEM). 

Results 

Neurochemical profiling using 1H-MRS 

At 48 hours following exposure, glycerophosphocholine (GPC), N-acetyl aspartyl 

glutamate (NAAG),  and creatine (CRE) were found to be significantly (p <0.05) 

increased in the exposed as compared to the sham group. At 72 hours following 

exposure, the glutamate (GLU) –CRE ratio along with sum of the cholines 

(Glycerophosphocholine (GPC) + Choline (CHO) + Phosphocholine (PCH) - CRE ratio 

increased significantly compared to the control group, no changes observed in creatine 

at 72 hours following exposure (p <0.05) (Table 1, Figure 4.2). 

Neurochemical profiling using HPLC 

There was a selective loss of monoamines and their breakdown products at 24 hours 

following exposure. 5HT level in blast group was significantly decreased at 24 hours 

post blast (0.29 + 0.10 ng/mg vs 0.095 + 0.010 ng/mg, respectively) (p < 0.01). 

Additionally, the ratio of 5-hydroxyindoleacetic acid (5 HIAA)/5HT was significantly 
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elevated in exposed group as compared to the sham (1.57 + 0.38 ng/mg (sham) vs 4.63 

+ 1.38 ng/mg) (p < 0.01) (Figure 4.3).  

 

 

Table 4.1: Raw Values of the Neurochemicals That Are Altered at 48 and 78 Hours 

Following Blast. 
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Figure 4.2: Graphs depict the temporal neurochemical response following blast 

exposure. Elevated levels of Glu/Cre were observed, suggesting a potential excitotoxic 

effect at 72 hr postblast (*p < 0.05). Elevated levels of NAAG and Cre were observed at 

48 hr following blast, demonstrating an ongoing neuroprotective effect. GPC, an 

inflammatory marker, was significantly increased at 48 and 72 hr postblast compared 

with sham. 
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Figure 4.3: Selective loss of 5-HT levels. *p < 0.01 

Levels of homovanillic acid (HVA) increased significantly in exposed (0.51 + 0.09 

ng/mg) vs sham (0.38 + 0.05 ng/mg) (p <0.05) and the ratio of HVA/dopamine (DA) 

increased in exposed (0.102 + 0.017 ng/mg) vs sham (0.082 + 0.005 ng/mg) (p <0.05) 

(Figure 4.4). No changes in norepinephrine (NE) or 3,4-dihydroxyphenylacetic acid 

(DOPAC) were observed at the 24 hour time point. 

 

Figure 4.4: Increased levels of HVA and HVA/DA at 24 following blast, with no change 

in levels of DA suggest increased CA turnover. *P < 0.05. 

Western blotting 
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The protein levels of apoptotic markers (Bax, Bcl-2) and astrogliosis (GFAP) were 

assessed at 24, 48 and 72 hours following exposure. The Bcl-2 (0.75 + 0.101 vs 0.421 

+ 0.036) (p < 0.01) and GFAP-actin ratio (0.171 + 0.005 vs 0.130 + 0.011) (p < 0.05) 

was significantly increased in the BINT group compared to the sham at 24 hours 

following exposure (Figures 4.5, 4.6). The Bax-actin ratio significantly elevated in the 

exposed group  as compared to sham at 48 hours group (0.641 + 0.073 vs 0.36 + 

0.056) (p <0.01) (Figure 4.7). Overall β-actin levels significantly decreased at 72 hours 

in exposed group compared to sham (59894 + 6984 vs 81314 + 5046) (p <0.05) (Figure 

4.8).  

Figure 4.5: At 24 h following blast, increased levels of the antiapoptotic marker Bcl-2 

were found, indicating an ongoing neuroprotective effect in the NAC. Representative 

blot. B1–B4, blast group; S1–S4, sham group. *p < 0.01. 

 

Figure 4.6: GFAP, a marker of astrogliosis, was increased at 24 hr follow-ing blast, 

showing ongoing astrocyte reactivity in the NAC. Representative blot. B1–B4, blast 

group; S1–S4, sham group. *p < 0.05. 
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Figure 4.7: Increased levels of the proapoptotic marker Bax at 48 hr post-blast, 

indicating triggering of the apoptotic pathway. Representative blot. B1–B4, blast group; 

S1–S4, sham group. *p < 0.01.

 

Figure 4.8: β-Actin, a major protein in the cytoskeleton and microtu-bules of the cell, 

was significantly decreased at 72 hr postblast. Rep-resentative blot. B1–B4, blast group; 

S1–S4, sham group. *p< 0.05. 

 

Discussion 

The clinical symptoms associated with blast exposure indicate that various primary 

cognitive centers are affected and that the injury to the brain is diffuse.  Damage to the 

cognitive centers of the brain is known to evoke stress related responses and high 

metabolic energy demands are required for repairing mechanisms [8, 23, 27]. 

Therefore, acute neurological changes following blast exposure are likely to initiate 



66 
 

pathological cascades at the cellular level.  These undetectable injures could lead to 

late-emerging clinical disorders such as mood and anxiety disorders [28-30]. The 

pathological consequence of damage to the NAC has been shown to result in 

dysfunction to other cognitive centers such as substantia niagra, vetral tegmental area, 

frontal cortex, hippocampus and amygdala (regions that are directly involved in 

signaling via neurotransmission) [31].  

NAC is an important region in brain associated with cognition, reward, motivation and 

addiction. Afferents of the NAC arrive from the prefrontal cortex, a key decision making 

center, and the amygdala, which is the center for anxiety and fear.  Injury to NAC can 

significantly affect behavioral outcomes and the thought process due to its relative 

projections to these other key brain regions in humans [22, 32, 33]. Furthermore, 

anxiety and fear with or without substance abuse could be easily triggered. Our results 

support the hypothesis that exposure to blast overpressure causes neuropathology in 

the NAC by triggering the cascade of apoptotic pathways through inflammation and 

neurochemical imbalance. 

Neurochemical changes 

Twenty four hours following exposure, a selective loss of monoamine-5HT was 

observed.  In addition, the ratio of 5-HIAA, the breakdown product of 5HT, to 5HT was 

increased suggesting an increased clearance of 5HT in the NAC.  However, decrease in 

5HT levels could also be due to impaired synthesis of 5HT in NAC neurons. Importantly, 

the early loss of 5HT (70%) may reflect a selective insult to this monoaminergic system 

involved with the maintenance of mood and sleep [34]. Clinical reports have 

documented BINT personnel who are experiencing sleep and mood disorders [35-37]. 

The low level of 5HT could explain these symptoms at the acute phase following injury.  

HVA, the biodegradation product of DA, along with HVA-DA ratio increased 

substantially without changes in absolute concentrations of DA, DOPAC and NE. This 

observation could indicate an increased synthesis or release and clearance rate of DA 

(HVA/DA ratio) from the synapses. Increased functional activity of DA in mesolimbic 

pathway, where NAC plays a major role, is linked with alternation/impairment of mood, 

memory, processing fine tuning motor function, motivational reward [38-40].  The 
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combined effect of 5HT and DA system in NAC  has also been shown to play a crucial 

role in evoking substance abuse, an unfavorable outcome linked to individuals exposed 

to blast [40-43]. 

NAAG is an agonist of glutamate autoreceptors as well as a potential source of free 

glutamate.  NAAG also plays a key role in regulating glutamate homeostasis by either 

buffering excessive glutamate or releasing glutamate upon demand.  When injury/stress 

occurs, the level of glutamate is maintained by NAAG, which can potentially reduce the 

effect of glutamate excitotoxicity [44, 45]. An increase of NAAG at 48 hours after blast 

overpressure exposure indicates a neuroprotective effect in response to glutamate 

homeostasis [46]. With the advancement of recent techniques to resolve the level of 

NAAG clinically in addition to the traditionally observable peaks such as lactate, 

glutamate, NAA, and creatine, this data could potentially give insight into the diagnosis 

and treatment of the personnel suffering from BINT [47, 48].  

Ongoing inflammation/membrane turnover is evident from the significant increase of 

GPC at 48 and 72 hours combined with the increase of Cre and Glu in the blast over 

pressure exposed group [48]. GPC is the breakdown product of arachnoid acid by the 

action of phospholipase A2 enzyme. Arachnoid acid is an abundant fatty acid present in 

brain helps in the maintenance of cell and cell membrane integrity. Consequently GPC 

is considered an inflammatory marker for the membrane breakdown and integrity [49]. 

Increases in glutamate levels potentially suggest an excitotoxic effect with dysregulation 

of creatine, which maintains energy homeostasis. Hence increased GPC, glutamate, 

and creatine levels are indicators of compromised cellular activities within the NAC with 

an inflammatory role. 

Cellular injury response 

Increased levels of GFAP, a marker of astrogliosis, and Bcl-2, an anti-apoptotic protein, 

at 24 hours following exposure could represent the beginning stage of neuronal 

damage. Due to this initial phase, increased Bcl-2 levels could mark a subsequent 

counteractive mechanism against the ongoing cellular damage. This counteractive 

process generally requires a large amount of energy. Kosten et al (2007) demonstrated 

that external stress to various brain regions caused changes in both in the Bcl-2  and 
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5HT levels [34]. Moreover, BINT animal models established dramatic acute changes in 

neurochemical, inflammatory, and apoptotic response in cortical, hippocampal and 

amygdular regions [24, 45-47]. 

An increased vulnerability of the NAC is further supported by increased Bax (a pro-

apoptotic marker) at 48 hours and decrease of β-actin, a major protein in cytoskeleton 

and dendritic spines. As a consequence, dysfunction of the NAC can lead to various 

pathological and psychiatric disorders. Additionally, NAC’s direct association with mood, 

addiction associated behavior, and also indirectly association in developing fear, anxiety 

and memory associated disorders plays an important role in BINT.   

Clinical studies that are directed towards NAC have not evaluated although psychiatric 

outcomes such as sleep disturbances, mood disorders, stress, substance abuse and 

aggressive have been some of the predominant symptoms which are directly 

associated with NAC. This study is the first to address the pathological changes and 

importance of NAC in the field of blast injury.  Overall, majority of the neurochemical 

changes that were found (namely cholines, creatine, and glutamate) can also be 

detected using nuclear magnetic resonance (NMR) on clinical patients. Overall, the 

results demonstrated highly active inflammation which appear to trigger apoptotic 

cascades leading to cell death at an acute stage following blast overpressure exposure 

in NAC.   
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Abstract: 

Working memory, which is dependent on higher-order executive function in the 

prefrontal cortex, is often disrupted in patients exposed to blast overpressure. In this 

study, we evaluated working memory and medial prefrontal neurochemical status in a 

rat model of blast neurotrauma. Adult male sprague dawley rats were anesthetized with 

3% isoflurane and exposed to calibrated blast overpressure (17 psi, 117 kPa) while 

sham animals received only anesthesia. Early neurochemical effects in the prefrontal 

cortex included a significant decrease in betaine (trimethylglycine) and an increase in 

GABA at 24 hours, and significant increases in glycerophosphorylcholine, 

phosphorylethanolamine, as well as glutamate/creatine and lactate/creatine ratios at 48 

hours.  Seven days after blast, only myo-inositol levels were altered showing a 15% 

increase.  Compared to controls, working memory in the novel object recognition task 

was significantly impaired in animals exposed to blast overpressure. Working memory in 

control animals was negatively correlated with myo-inositol levels (r = -.759, p <0.05), 

an association that was absent in blast exposed animals. Increased myo-inositol may 

represent tardive glial scarring in the prefrontal cortex, a notion supported by GFAP 

changes in this region after blast overexposure as well as clinical reports of increased 

myo-inositol in disorders of memory.   

Keywords: Working memory, myo-inositol, Glia, Prefrontal cortex, Blast neurotrauma 
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Introduction 

Blast-induced neurotrauma (BINT) has been shown to have deteriorating effects on 

cognition.  Previous animal and clinical studies have shown irreversible damage in 

cognitive centers of the brain, namely the hippocampus [1-6]. Commonly associated 

clinical issues with BINT include memory deficits and anxiety [5,7-10] . Studies mainly 

have focused on the role of hippocampal impairment in conjunction with cognitive 

impairment. These studies have demonstrated neurodegeneration, glial response and 

inflammation in hippocampus following blast overpressure exposure. However, other 

major cognitive regions such as the medial prefrontal cortex (PFC), which plays an 

important role in memory-related cognitive functions, may also be affected [11-15] . 

The association of PFC, perirhinal cortex and hippocampus plays an important role in 

working memory, decision making, and short term memory. In addition, PFC contributes 

to the potentiation of long term memories due to its direct innervation of axonal fibers 

with the hippocampus [16-23]. Although animal behavioral tests demonstrated impaired 

cognition in an acute phase, paradigms specific for working and short term memory 

issues have not been evaluated following blast neurotrauma. Recent pre-clinical and 

clinical reports have shown injury in PFC after blast exposure [13,15,24]. These factors 

indicate the need for behavioral studies that test cognition and working memory 

governed by the PFC. 

It is hypothesized that working memory impairment after blast exposure is due to acute 

metabolic neurochemical changes and neurodegeneration in the medial prefrontal 

cortex.  To test this hypothesis, novel object recognition paradigm was used to evaluate 

working memory and the PFC tissue from these animals was used to assess metabolic 

and neurochemical changes by high-resolution magic angle spinning (HRMAS) proton 

magnetic resonance spectroscopy (1H-MRS) ex vivo and neurodegeneration using 

fluorojade B staining. Collectively, these data address memory impairment issues 

mediated by early neurochemical alterations, neurodegeneration and gliosis in the PFC 

following blast overpressure exposure and thereby provide novel insight that is 

amenable to clinical translation.  
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Materials and methods 

Animals and blast overpressure exposure 

The Wayne State University Institutional Animal Care and Use Committee approved the 

experimental procedures described herein. Prior to all experiments, animals were 

acclimated for at least three days (12 hour light/dark; on at 6 AM) and normal rat chow 

and tap water provided ad libitum.  Male Sprague Dawley rats (Charles River Labs., 

Portage, MI) weighing ~250 g were briefly anesthetized with isoflurane (3%), then 

positioned in a shock tube 1.09 m from the open end with a rostral cephalic orientation 

towards the shock wave and exposed to a 117 kPa overpressure for a 7.5 ms duration. 

Sham animals did not experience the overpressure but were anesthetized and placed in 

the shock tube. The shock tube generates a single free field pressure (Figure 1). Time 

profile is determined with a piezoelectric sensor axial to the blast pressure source and 

recorded at 250 kHz (per channel) as described previously [6]. 

 

Figure 5.1: Representative pressure profile of calibrated shock wave to which animals 

are exposed with a resultant peak positive overpressure at 117 KPa  

Novel object recognition test (NOR): 

The NOR test was used to measure wokring memory, specifically object recognition 

[26,27]. Animals were tested at 72 hours (3 days) and 168 hours (7 days) following blast 

exposure (n = 8/group).  Testing occurred in 3 phases, including: acclimation = 

acclimate to novel environment, trial 1 (T1) = presentation of two similar objects, trial 2 

(T2) = presentation of a novel and familiar object. In the first phase, rats were 
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acclimated to a custom-made open field testing chamber (79 x 79 x 35 cm; Formtech 

Plastics, Oak Park, MI) with dim lighting by allowing them to explore the empty chamber 

for 5 min (time used in all phases) for two consecutive days prior to testing. On days 3 

and 7 rats underwent T1 where they were placed in the chamber with 2 identical objects 

residing in opposite corners. Different objects were used for day 3 and 7. After a 20 min 

interval, object recognition was determined in T2 on each day. 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 1.5x radius of the object measured from 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; also, 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 scoring was verified by a rater 

blind to the treatment conditions. The testing chamber was cleaned with 70% ethanol in 

water between each use. 

Fraction of time spent = Time of animal spent at novel object location / (Time spent at 

novel object location + familiar object location). 

High resolution magic angle spinning proton-magnetic resonance spectroscopy 

(HRMAS 1H-MRS) analysis: 

1H-MRS analysis was performed as described previously using a HRMAS modified 

technique at high magnetic field (Sajja et al., 2012). Brains (n=8/group at 3, 24, 48 and 
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168 hours; 168 hours group animals underwent NOR test prior extraction of brains for 

1H-MRS analysis) were rapidly excised after decapitation, placed into a chilled brain 

matrix, and cut into 2 mm coronal slices. Slices were immediately frozen on solid CO2 

and then contralateral, 1.5 mm diameter punches were taken from the medial prefrontal 

cortex according to Paxinos & Watson brain atlas (Paxinos and Watson, 1997). Tissues 

were stored at -80º C until 1H MRS neurochemical analysis. 

Frozen intact tissue samples were weighed (2-3 mg) then placed into a Bruker 

zirconium rotor (2.9 mm diameter, 10 µL capacity) containing 2.5 µL PO4 buffer (pH = 

7.4), formate, NaN3, 3-(trimethylsilyl)-proprionic acid (TSP) and 2.5 µL of D2O. TSP 

served as an internal chemical shift reference (0.00 ppm), formate (8.44 ppm) for auto-

phasing, and D2O to lock on the center frequency.  Once prepared, the rotor was 

promptly placed into a Bruker 11.7T Avance 500 MHz spectrometer maintained at 4ºC 

and was allowed to spin at a rate of 4.2k Hz; the spatial orientation of the rotor was 

54.7º (the magic angle) relative to the longitudinal (or main) magnetic field (Bo). Field 

inhomogeneities were adjusted using a semi-automatic shimming procedure (Bruker). 

Tissue spectra were acquired with a CPMG rotor-synchronized pulse sequence [29]. 

Each spectrum was analyzed using LCModel software utilizing a linear combination of a 

custom set of 27 neurochemical model spectra (basis set) to fit known MR-visible 

neurochemicals and calculate absolute concentration values for each neurochemical.  

The goodness of fit for each compound was determined with Cramer-Rao bounds < 

15% being required for further analysis [30,31]. Absolute concentrations of MR visible 

metabolites were corrected for tissue weight and were expressed as nmol/mg tissue 

weight.   

Immunohistochemistry: 

For immunohistochemistry, animals (n =5/group at 3, 48 and 168 hours) were perfused 

transcardially with 4% paraformaldehyde and then fixed in 30% sucrose solution prior to 

sectioning. Fixed brains were embedded within optimal cutting temperature compound 

(Sakura Finetek USA, Inc., Torrance, CA) then frozen on solid CO2. Starting at +2.76 

Bregma of the PFC and ending at +1.76 Bregma, 40 µm tissue sections were prepared 



81 
 

with a microtome at -20°C.  Brain slices were further stained and analyzed for 

neurodegeneration (FluoroJade B) and astrogliosis (Glial fibrillary acidic protein, GFAP). 

FluoroJade B (FJB) analysis:  

Brain slices were incubated in 1% NaOH-80% ethanol, hydrated in 70% ethanol, and 

washed in distilled water. The sections were subsequently incubated room tempature in 

0.006% potassium permanganate (Sigma-Aldrich, St. Louis MO) on a rotating stage, 

rinsed in distilled water, and incubated in a 0.0004% solution of FJB (Histochem Inc., 

Jefferson, AR) [32] . All solutions were made in dH2O.  The brain sections were then 

rinsed in distilled water, air-dried and placed on a slide warmer until fully dry. The dry 

slides were cleared in xylene and mounted with 1,3-diethyl-phenylxanthine (Sigma-

Aldrich; St. Louis, MO). An observer blind to the experimental conditions carried out cell 

counting. Counts were based on the morphology, fluorescent intensity, size and location 

of specific neurons using a Zeiss epifluorescence microscope. The number of FJB+ 

neurons was determined for the entire PFC using multiple coronal slices (every 3rd 

slice). 

GFAP analysis: 

Effects of blast exposure were measured in separate experiments (i.e. 3, 24, 48 and 

168 hours following blast overpressure exposure). In each experiment, separate sham-

treated animals served as respective comparison groups for unknown influences (e.g. 

residual effects of isoflurane). Thus, for neurochemical experiments statistical 

differences between sham and blast-exposed rats were assessed with independent 

two-tailed Student’s t-test with p < 0.05 considered significant. Immunohistochemistry 

studies were treated as two separate experiments to avoid the unknown influences and 

were assessed using independent two-tailed Student’s t-test with p < 0.05 considered 

significant. A two-factorial repeated measured ANOVA was used for the behavioral 

testing with p<0.05 considered statistically significant. Pearson correlation was used to 

assess a potential relationship between levels of myo-inositol (Ins) and NOR behavioral 

outcome at 7 days following blast overpressure exposure, the correlation significance 

was assessed using SPSS™ statistical software and p < 0.05 considered statistically 
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significant. Unless indicated otherwise, data are presented as mean ± standard error of 

the mean (SEM). 

Statistics: 

Effects of blast exposure were measured in separate experiments (i.e. 3, 24, 48 and 

168 hours following blast overpressure exposure). In each experiment, separate sham-

treated animals served as respective comparison groups for unknown influences (e.g. 

residual effects of isoflurane). Thus, for neurochemical experiments statistical 

differences between sham and blast-exposed rats were assessed with independent 

two-tailed Student’s t-test with p < 0.05 considered significant. Immunohistochemistry 

studies were treated as two separate experiments to avoid the unknown influences and 

were assessed using independent two-tailed Student’s t-test with p < 0.05 considered 

significant. A two-factorial repeated measured ANOVA was used for the behavioral 

testing with p<0.05 considered statistically significant. Pearson correlation was used to 

assess a potential relationship between levels of myo-inositol (Ins) and NOR behavioral 

outcome at 7 days following blast overpressure exposure, the correlation significance 

was assessed using SPSS™ statistical software and p < 0.05 considered statistically 

significant. Unless indicated otherwise, data are presented as mean ± standard error of 

the mean (SEM). 

Results: 

Object recognition behavior and working memory: 

While no differences in NOR behaviors during T1 or T2 were observed at 72 hours 

following blast exposure compared sham treatment, a significant decrease (F1,17= 8.46, 

p<0.01) in time spent with the novel object between sham and blast-exposed rats during 

T2 was observed 168 hours (7 days) after exposure (Figure 5.2). Furthermore, the 

sham group, but not the blast-exposed group, showed a significant increase (F1,17=9.12, 

p<0.01) in time spent with the novel object in T2 relative to T1 and the location where 

the novel object would be placed in T2, which is consistent with learned behavior in the 

controls and a deficit in blast exposed rats.  
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Figure 5.2: Sham rats learn the behavior and show good working memory (T1-T2 

sham), while blast exposed rats do not show learning and are significantly different from 

sham rats in T2 from learning. T1 – Trial with familiar objects; T2 – Trial 2 with a novel 

object; *p<0.05, **p<0.002. 

 

Neurochemical assessment by 1H-MRS: 

Following blast overpressure exposure, a significant decrease in glutathione (GSH) 

(1.08 + 0.06 vs. 0.92 + 0.03 nmol/mg) and myo-inositol (Ins) (5.65 + 0.23 vs. 4.93 + 

0.18 nmol/mg) were observed at 3 hours. Decreased levels of betaine (BET) (5.03 + 

0.44 vs. 4.02 + 0.13 nmol/mg) and increased levels of γ- amino butyric acid (GABA) 

(8.52 + 0.31 vs. 9.62 + 0.34 nmol/mg) were seen at 24 hours. Increased levels of 

glycerophosphocholine (GPC) (2.81 + 0.12 vs. 3.22 + 0.17 nmol/mg), 

phosphorylethanolamine (PEA) (9.93 + 0.35 vs. 10.99 + 0.39 nmol/mg), 

glutamate/creatine ratio (Glu/Cre) ( 1.97 + 0.03 vs. 2.08 + 0.02), and lactate/creatine 

(Lac/Cre) (1.68 + 0.04 vs. 1.79 + 0.03) ratio was found at 48 hours. Finally, increased 

levels of Ins (4.59 + 0.25 vs. 5.30 + 0.18 nmol/mg) were observed at 168 hours (7 days) 

(Figure 5.3).  

No changes were found in Alanine, N-acetyl aspartate (NAA), N-acetyl aspartate 

glutamate, Succinate, Aspartate, Choline, Inositol, Taurine, Glycine, 

Phosphorylethanolamine at any time points. 
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Figure 5.3: Temporal evaluation of the 1H-MRS neurochemical changes in the 

prefrontal cortex of rats following blast overpressure exposure, where blast group is 

compared to corresponding sham group,*p<0.05. 

NOR versus Ins Correlation: 

A negative correlation between NOR behavior (time spent with the novel object in T2) 

and levels of Ins, measured at 7 days following blast exposure, (R = -0.759, *p<0.05) 

was observed in sham group while the same correlation was not observed in blast 

group (R = 0.202) (Figure 5.4).  
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Figure 5.4: Myo-inositol (Ins) in the prefrontal cortex of sham animals had a significant 

negative correlation (p<0.05) with working memory while this correlation was lost in 

overpressure exposed group of animals. 

FJB and GFAP: 

A significant increase in FJB+ staining was observed at 3, 48 and 168 hours following 

blast overpressure exposure compared to sham group, *p<0.05 (Figure 5.5). No 

changes were observed in GFAP at 3 and 48 hours following blast overpressure in PFC 

between sham and the blast groups; however, a significant increase was observed at 

168 hours following blast overpressure exposure compared to sham treatment, *p<0.01 

(Figure 5.6).  

 

Figure 5.5:  FluoroJade B positive (FJB+) stained neurons were significantly higher 

compared to shams at all time points. Representative histological images depict figures 
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sham (A) and blast (B) groups in prefrontal cortex, *p<0.05; Arrows indicate FJB+ 

neurons. 

 

Figure 5.6:  GFAP positive-stained astroglia were measured using 

immunohistochemisty at various time points. Significant levels of FJB+ neurons were 

found at 168, but not 3 or 48, hours following blast compared to sham animals, *p<0.01. 

Representative figures sham (A) and blast (B) groups at 168 hours from prefrontal 

cortex; Arrows indicate GFAP positive astrocytes.  

Discussion: 

Injury to the PFC in the field of blast neurotrauma research has been understudied. 

Most of the studies primarily focused on examining the cognitive defects and injury are 

hippocampus after blast trauma. The PFC mediates and is involved in the processing of 

working memory and the transition of short term memories into long term memories via 

neurotransmission. This study demonstrates the significant injury that occurs to the PFC 

in a blast neurotrauma animal model that causes working memory impairment.  These 

novel data provide fundamental knowledge on underlying mechanisms of blast 

neurotrauma that may be relevant to clinically reported memory issues.   

Behavioral outcome: 
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Many clinical studies have reported deficits in attention and memory following BINT 

(Belanger et [1,33,34]. Although some studies describe cognitive deficits associated 

with BINT using animal models, none thus far have evaluated the short-term /working 

memory deficit following blast overpressure. Working memory is impaired at 168 hours 

(7 days) following blast overpressure in the exposed group compared to the sham 

group; however, we did not observe any behavioral deficits at 72 hours following blast 

exposure. This delayed onset of symptoms (i.e., compromised memory) following blast 

overpressure exposure is similar to clinical reports [2]. Although delayed onset of the 

symptoms are reported after blast, no specific brain region or neuropathological 

outcome in relation to cognition is not identified for the prognosis of injury. Here, to 

further understand molecular cascades and neurochemical changes associated with 

working memory impairment, assessment of the injured brains was done using 1H- 

MRS and immunohistochemistry. 

Neurochemical assessment using 1H-MRS: 

Early oxidative stress has been reported in association with cellular injury and death in 

animal models of traumatic brain injury and BINT [35-37]. Previous preclinical reports 

have reported acute oxidative stress in hippocampus, substantia nigra, and cortical 

regions of brain following blast overpressure exposure via down regulation in major anti-

oxidants in brain such as GSH and superoxide dismutase (SOD) [27,35-38]. In this 

study, a decrease in the total concentration of GSH was observed at 3 hours in the PFC 

following blast overpressure exposure suggesting ongoing oxidative stress at an acute 

stage and likely reflects activation of the pentosephosphate pathway [39]. 

Oxidative stress may lead to a wide range of cellular damaging cascades eventually 

causing cell death. This process is primarily triggered by mitochondrial failure leading to 

compromised energy metabolism, inflammation due to cell membrane rupture, and 

irregular cellular homeostasis caused by the depletion of energy. In the current study, 

decreased levels of BET along with increased levels of GABA were found at 24 hours 

post blast which could reflect a compromise in energy metabolism since BET plays an 

important role in energy metabolism via methionine pathway [40-42]. GABA plays a 

critical role in energy metabolism during an energy crisis via the GABA shunting 
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pathway; both of these factors further supports the compromised metabolic activity 

following BINT [43,44]. 

Energy metabolism crisis was further supported by increased levels of Lac and Cre and 

the ratio of Lac/Cre because these metabolites are preferentially used under low oxygen 

conditions and during an energy crisis for the generation of ATP. In other words, Cre 

production of ATP and Lac, which is a catabolite of anaerobic metabolism, is generated 

during this compensatory energy process [45,46]. Along this same line, increased 

Glu/Cre at 48 hours post blast potentially indicates the activated compensatory energy 

mechanism against the ongoing mitochondrial energy crisis [47,48]. Gln and Glu can be 

converted to α-ketoglutarate and enter  tricarboxylic acid (Kreb) cycle, which is 

upregulated under energy crisis [49].The injury process demands high cellular energy 

for repair and counteracts the stress that could lead to neurodegeneration in 

surrounding tissues. Major metabolites like Glu, GABA, Cre, and Lac are regulated 

under cellular nutritional crisis and are metabolized through compensatory pathways 

such as GABA shunt and pentosephosphate pathway [27,41,50]. 

Our group has previously reported similar changes observed in GABA and Glu in the 

hippocampus that lead to activation of apoptosis pathway via caspase-3 signaling [27]. 

The GABA shunt has also been speculated to play a pivotal role in disorders such as 

epilepsy and Alzheimer’s disease [51,52]. With the advancement of recent technology, 

Lac, Cre, GABA and Glu can be resolved in clinical NMR for diagnostic purpose [53]. 

These potential findings could be further evaluated with personnel exposed to blast 

overpressure at an acute phase. Energy metabolism compromise often combines with 

inflammatory cascades to activate cellular death cascades and this process has been 

observed in Alzheimer’s disease and multiple sclerosis [54-57] .  

Supporting evidence of inflammation was observed with elevated GPC levels at 48 

hours following blast overpressure. GPC is a breakdown product of arachidonic acid via 

phospholipase A2 activity and acts as a marker for membrane breakdown and 

inflammation [27,41,58,59]. This process could be a result of cell membrane breakdown 

due to cell death. Inflammation and cellular death may be a response to clearing debris 

and restore homeostasis in the injured regions of brain [41,60,61]. In this study, 
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increased levels of Ins at 168 hours post blast suggests the process of astrogliosis.  Ins 

is found mainly in astrocytes, regulates various hormonal and signaling pathways, and 

increased Ins at a sub-acute phase is a strong indicator of astrogliosis [62-66].Various 

clinical reports of brain injury using NMR have shown increased levels of Ins following 

injury [67-69]. The process of cell death was further evaluated using the histological 

analysis for astrogliosis and neurodegeneration. 

Astrogliosis and neurodegeneration: 

Increased astrogliosis at 168 hours is an indicator of glial scarring possibly from the 

resultant neurodegeneration at 3, 48 and 168 hours post blast. Glial scarring results 

from the overexpression of astrocytes repair mechanism to prevent injury progression 

[70,71]. The process of glial scarring impairs neurotransmission by impeding axonal 

growth and sprouting, which could lead to chronic impairment in neuronal repair and 

function [72-74].  

Correlation between behavior and myo-inositol:  

In summary, early metabolic changes were consistent with a compromise in energy 

metabolism that resulted in sub-acute active neurodegeneration and glial scarring. 

Increased myo-inositol levels further supported the glial scarring and were associated 

with impaired working memory. Furthermore, these results from 1H-MRS could be 

directly translated into human studies to provide a valuable insight into diagnosis of 

BINT, and it is tempting to speculate that 1H-MRS Ins may be a potential biomarker for 

blast-induced memory impairment 

Conclusion: 

In summary, early metabolic changes were consistent with a compromise in energy 

metabolism that resulted in sub-acute active neurodegeneration and glial scarring. 

Increased myo-inositol levels further supported the glial scarring and were associated 

with impaired working memory. Furthermore, these results from 1H-MRS could be 

directly translated into human studies to provide a valuable insight into diagnosis of 

BINT, and it is tempting to speculate that 1H-MRS Ins may be a potential biomarker for 

blast-induced memory impairment. 
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Chapter 6 

Summary  

Numerous pathological outcomes have been identified in relation to BINT. 

Neurochemical alterations/imbalance, oxidative stress, mitochondrial dysfunction and 

BBB disruption have been identified to be important pathological events that are 

involved at an acute stage following BOP. However, the time course for the progression 

of pathological sequeale leading to cognitive deficits is unknown. In this study, 

neurochemical alterations, working memory, anxiety and histopathological assays of cell 

death (cleaved caspase-3), neurodegeneration (fluorojade B), glial activation (Iba1 and 

GFAP), mature neuronal population (NeuN), oxidative stress (superoxide dismutase 1, 

SOD1) were evaluated in medial prefrontal cortex (PFC), hippocampus (HIPP), 

amygdala (AMY) and nucleus accumbens (NAC) of animals exposed to blast.  

Neurochemical and histopathological outcome following BOP exposure 

Acute changes (3 hours – 48 hours) in neurochemistry were observed to be primarily 

associated with oxidative stress (reduced levels of glutathione or SOD1) in HIPP, PFC, 

AMY and NAC regions. Previous studies have shown elevated levels of reactive 

oxidative stress using oxidative stress markers, reduced SOD1 levels at an acute stage 

following BOP exposure [162-168]. However, the basis for the enriched oxidative stress 

environment is unknown. In the current study, decreased levels of SOD1were found in 

the PFC and NAC regions. Neurochemical imbalance and/or mitochondrial stress in 

combination with oxidative stress followed by elevated inflammation is hypothesized to 

be the basis for the associated cell death.  

Oxidative stress is known to initiate cell injury pathways eventually causing cell death. 

This process is primarily triggered by mitochondrial failure leading to compromised 

energy metabolism, inflammation due to cell membrane rupture, and irregular cellular 

homeostasis caused by the depletion of energy [169 – 172]. Oxidative stress acts 

directly on mitochondrial processes binding to NAD/NADPH decreasing the production 

of ATP required for cellular homeostasis. In addition, reactive oxygen species (hydrogen 

peroxide and superoxide anions) inhibit the process of phosphorylation primarily in 
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mitochondria which are required for function of secondary messenger systems. 

Mitochondrial failure leads to disrupted energy homeostasis and triggers the apoptotic 

cascades, leading to programmed cell death. In the current study, decreased levels of 

BET along with compromised levels of GABA were found acutely (3-48 hours) post blast 

which could reflect a compromise in energy metabolism since BET plays an important 

role in energy metabolism via the methionine pathway and it likely reflects activation of 

the pentose phosphate pathway [173-176]. GABA can act as an inhibitory 

neurotransmitter in the brain and plays a critical role in energy metabolism during an 

energy crisis via the GABA shunting pathway.  Thus decreased levels of GABA further 

supports the compromised metabolic activity acutely following BOP exposure in the 

PFC region.  

The observed increased levels of Lac and Cre and the ratio of Lac/Cre further supports 

an energy metabolism crisis as these metabolites are preferentially used under low 

oxygen environments and conditions of cellular stress for the generation of ATP.  ATP 

and Lac production using Cre, which is a catabolite of anaerobic metabolism, is 

generated during compensatory energy processes [177,179].  

Moreover, increased Glu/Cre post blast potentially indicates the activated compensatory 

energy mechanism against the ongoing mitochondrial energy crisis. Gln and Glu can be 

converted to α-ketoglutarate and enter the tricarboxylic acid (Kreb) cycle, which is up 

regulated under energy crisis. The cellular injury repair process involves clearing the 

dysfunctional mitochondria, internal cellular organelles and reintegration of cellular 

membrane, which demands high cellular energy despite the cellular stress due to 

mitochondrial failure. Mitochondrial failure due to oxidative stress in neurons which have 

high energy demands primarily to carry out its functions such integration of action 

potentials and neurotransmission in addition to mitochondrial repair. In order to 

counteract the stress that could lead to neurodegeneration, neurons use alternative 

energy supportive cascades, involves major metabolites such as Glu, GABA, Cre, and 

Lac. These metabolites are upregulated under cellular metabolic crisis and are 

metabolized through compensatory pathways such as GABA shunt and pentose 

phosphate pathway with astrocyte support [175, 176,181].  
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The GABA shunt has been speculated to play a pivotal role in several neurological 

disorders such as epilepsy and Alzheimer’s disease (Figure 6.1). With the advancement 

of recent technology, Lac, Cre, GABA and Glu can be resolved in clinical NMR for 

diagnostic purpose.  

 

 

 

 

Changes in these metabolites can be studied and evaluated using clinically NMR to 

identify individuals with metabolic disorders in brain when exposed to blast. It is 

common to observe both energy metabolism compromise and the activation of 

inflammation cascades which subsequently trigger cellular death pathways.  The 

combined activation of the pathways has been reported to occur in Alzheimer’s disease 

and multiple sclerosis [182-184]. The combination of metabolic distress and 

inflammation could reflect neurodegeneration and programmed cell death in the 

cognitive regions of brain. In this study, an increase of apoptotic markers at an acute 

stage was identified. 

Supporting evidence of acute inflammation was observed with elevated GPC levels in 

addition to decreased PEA levels at 48 hours following blast overpressure. GPC is a 

Figure 6.1: GABA shunt plays an important role in supporting Krebs’s cycle to 

regulate cellular energy metabolism and homeostasis  
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breakdown product of arachidonic acid via phospholipase A2 activity and acts as a 

marker for membrane breakdown and inflammation [185 -187]. This process could be a 

result of cell membrane breakdown due to cell death. In this study, a rise in the 

apoptosis marker Casp-3 was found at acute/sub-acute stage after BOP exposure in 

HIPP, NAC and AMY (3 hours – 7 days), not chronic stage (1-3 months) but at all time 

points in PFC after BOP exposure (3 hours – 3 months) (Figure 6.2; Table 6.1). 

 

Time point  One month (Mean + SEM) 
Sham vs Blast (*p < 0.05) 

Three months (Mean + SEM) 
Sham vs blast (*p < 0.05) 

Type of stain Region of brain (integrated density) Region of brain (integrated density) 

GFAP HIPP: 4752 + 854 vs 14954 + 
4098* 

AMY: 2982 + 1173 vs 10143 + 
1170* 

PFC: 458 + 113 vs 1103 + 258* 

NAC: 249+ 57 vs 251 + 124 
 

HIPP: 4241 + 206 vs 6074+ 766* 

AMY: 1711 + 749 vs 4557 + 1008* 

PFC: 2467 + 158 vs 4256 + 214* 

NAC: 435 + 67 vs 426 + 51 
 

FJB HIPP: 5264 + 947 vs 5786 + 824 

AMY: 3573 + 884 vs 11862 + 
1252* 

PFC: 432 + 258 vs 1944 + 412* 

NAC: 432 + 147 vs 447 + 151 
 

HIPP: 7249 + 3532 vs 23376 + 
5565* 

AMY: 7405 + 1489 vs 32407 + 
2371* 

PFC: 1668 + 658 vs 8594 + 1205* 

NAC: 697 + 147 vs 1296 + 251* 
 

NeuN HIPP: 1431 + 113 vs 1415 + 307 

AMY: 389 + 61 vs 218 + 46* 

PFC: 1882 + 230 vs 944 + 226* 

NAC: 1116 + 207 vs 535 + 74* 
 

HIPP: 2022 + 305 vs 1230 + 192* 

AMY: 328 + 53 vs 147 + 30* 

PFC: 1561 + 195 vs 545 +3 7* 

NAC: 605 + 76 vs 308 + 61* 
 

SOD1 HIPP: 2614 + 1562 vs 2557 + 1193 

AMY: 1071 + 267 vs 1080 + 144 

PFC: 383+ 93 vs 136 + 50* 

NAC: 159 + 27 vs 50 + 13* 
 

HIPP: 1932 + 185 vs 1812 + 90 

AMY: 4908 + 333 vs 4719 + 165 

PFC: 770 + 110 vs 393 + 90* 

NAC: 128 + 40 vs 29 + 12* 
 

Iba1 HIPP: 7818 + 444 vs 11775 + 
2019* 

AMY: 4170 + 256 vs 6864 + 939* 

PFC: 2532 + 128 vs 3291 + 245* 

NAC: 1123 + 97 vs 1605 + 101* 
 

HIPP: 1647 + 699 vs 5668 + 1581* 

     AMY: 1225 + 321vs 3056 + 531* 

PFC: 948 + 117 vs 1365 + 102* 

NAC: 1812 + 258 vs 3044 + 154* 
 

Caspase-3  HIPP: 1564 + 523 vs 1678 + 626 

AMY: 1541 + 153 vs 1419 + 196 

PFC: 576 + 58 vs 894 + 205* 

NAC: 175 + 47 vs 178 + 51 
 

HIPP: 4623 + 190 vs 4645 + 159 

AMY: 6960 + 316 vs 7133 + 369 

PFC: 1982 + 131 vs 2854 + 163* 

NAC: 375 + 67 vs 406 + 36 
 

 

 

 

 

 

Table 6.1: Raw data of various stains at 1 month and 3 months post blast in hippocampus 

(HIPP), medial prefrontal cortex (PFC), amygdala (AMY) and nucleus accumbens (NAC), *p 

< 0.05 when compared to respective sham group 
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Compensatory mechanisms are available to help repair damaged cells via activation of 

astrocytes which provide additional support for energy to combat programmed cell 

death as seen in HIPP, NAC and AMY.  These regions have balanced Casp 3 levels by 

the 1 month time point.   Astrocytes utilize the in GABA shunt pathway to provide the 

required energy metabolites (Glu, Ala).  Furthermore, they help reduce inflammation by 

releasing anti-inflammatory cytokines such IL-4, IL-6, IL-10, and helps with up regulation 

of neurotropic factors like blood derived growth factor (BDNF) and glial cell line derived 

neurotropic factor. However, in the blast groups, a delayed activation of astrocytes was 

observed in the PFC, possibly due to delayed signaling of cytokines to up regulate 

astrocytes. 

Figure 6.2: Temporal evaluation of the programmed cell death marker, cleaved 

caspase-3 in hippocampus (HIPP), amygdala (AMY), medial prefrontal cortex (PFC) 

and nucleus accumbens (NAC) ; 3h – 3 hours, 1d – 1 day, 2d – 2 day, 7d – 7 days, 

1m – 1 month, 3m – 3 months; *p < 0.05 when compared to respective sham group 
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 It is possible impairment of PFC region as a resultant of impaired HIPP, AMY and NAC.  

PFC has direct innervations from HIPP and AMY, impairment in HIPP and AMY could 

cause impairment in PFC region. Degenerating axons from neuronal death in HIPP and 

AMY may lead to release of inflammatory cytokines like MCP-1, TNF-α and IFN-gamma 

in PFC. The role of delayed activation astrocytes in PFC could be a reason for 

prolonged apoptosis (which was observed up to 3 months following blast) could be 

resultant of inflammation from cell debris from death (Figure 6.3). A varied response 

was observed in the activation GFAP and cleaved caspase-3 in the NAC, PFC, HIPP 

and NAC.  AMY could be more vulnerable due to activation of fear conditioning 

pathways and elevated stress could result in increased cellular death. 

In addition, continual inflammation and cell death may be a response to clearing debris 

and restore homeostasis in the injured regions of brain. Increased in Ins was found in 

PFC at 168 hours following BOP exposure. Found mainly in astrocytes, Ins regulates 

various secondary messenger signaling pathways (inositol tri-phosphate – 

Diacyglycerol), and increased Ins at a sub-acute phase is an indicator of astrogliosis 

[188,189]. Using NMR, various clinical reports of brain injury have shown increased 

levels of Ins following injury, possibly to support the injury repair process via astrogliosis 

and up regulation of anti-inflammatory cascades [190-192].   
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An increase in microglia, evaluated using Iba1staining, was seen at the chronic stage 

which could suggest the microglia are clearing the debris of the degenerated neurons 

as well as retracting astrocytes (Figure 6.4). 

Figure 6.3: Temporal evaluation of GFAP, an astrogliosis marker, in hippocampus 

(HIPP), amygdala (AMY), medial prefrontal cortex (PFC) and nucleus accumbens 

(NAC) ; 3h – 3 hours, 1d – 1 day, 2d – 2 day, 7d – 7 days, 1m – 1 month, 3m – 3 

months; *p < 0.05 when compared to respective sham group 
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Evidence of neuronal loss was supported by increased neurodegeneration (Figure 6.5) 

and loss of neurons (Figures 6.6) which was found at acute and chronic stages. The 

data suggested that neuronal loss could lead to marked increase in astrogliosis in HIPP, 

AMY, NAC and PFC. All regions evaluated where found to have an acute loss of 

neurons which was sustained throughout the 3 month evaluation period.   

All though continual FJB positive cells are observed, it is understood the degenerating 

neurons can turn over to functional neurons with neurotroprotective cascades via   anti-

inflammatory cascades and support from astrocytes [191]. In addition, previous studies 

have shown at chronic stage, FJB can stain reactive astrocytes [191].  In addition to 

Figure 6.4: Chronic elevated microglia levels (measured using Iba1) were found 

in hippocampus (HIPP), amygdala (AMY), medial prefrontal cortex (PFC) and 

nucleus accumbens (NAC) following BOP. No changes were observed at an 

acute and sub-acute stage (3 hours – 7 days) following BOP; *p < 0.05 when 

compared to respective sham group 
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AMY, HIPP is vulnerable in various neurodegenerative disorders, due to extensive 

neurogenesis in the region. However, the extent of the cellular death in each region is 

different; the amount of neuronal population that was decreased was similar in AMY, 

HIPP, NAC and PFC. 

 

 

Figure 6.5: Temporal evaluation of neurodegeneration using fluorojade B, in hippocampus 

(HIPP), amygdala (AMY), medial prefrontal cortex (PFC) and nucleus accumbens (NAC) ; 

3h – 3 hours, 1d – 1 day, 2d – 2 day, 7d – 7 days, 1m – 1 month, 3m – 3 months; *p < 

0.05 when compared to respective sham group 
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Decreased levels of SOD1 were observed at a sub-acute and chronic stage following 

BOP exposure in PFC and NAC but not in HIPP and AMY (Figure 6.7). Substantial loss 

of cells in the regions of PFC and NAC at the chronic stage could reflect the decreased 

Figure 6.6: Temporal evaluation of  mature neurons measured by NeuN 

staining, in hippocampus (HIPP), amygdala (AMY), medial prefrontal cortex 

(PFC) and nucleus accumbens (NAC) ; 3h – 3 hours, 1d – 1 day, 2d – 2 day, 7d 

– 7 days, 1m – 1 month, 3m – 3 months; *p < 0.05 when compared to 

respective sham group 
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SOD1 levels (loss of neurons and astrocyte levels are reduced to comparative sham). 

 

 

 

 

 

This supports the idea that other cellular populations such as could be affected with 

BOP exposure and has to be evaluated in further studies.  In this study, the primary 

cognitive regions of brain (HIPP, PFC, AMY and NAC) were observed to have a 

substantial loss of neurons and activated astrogliosis process. A decrease in neurons 

may cause functional deficits.  Behavioral deficits are reported due to the pathological 

sequeale with neurochemical changes, apoptosis and astrogliosis [191-200]. As such, 

Figure 6.7: Decreased SOD1 levels in medial prefrontal cortex (PFC) and 

nucleus accumbens (NAC), but no changes were observed at all-time points in 

hippocampus (HIPP), amygdala (AMY) following BOP. In addition, no changes 

were observed at an acute and sub-acute stage (3 hours – 48 hours) following 

BOP in all the regions 
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behavioral and cognitive assessments were conducted in order to determine an 

association between the neuropathology and functional deficits   [200,202]. 

Behavioral outcomes (working memory and anxiety) following BOP exposure 

Several psychiatric and psychological disorders present themselves following brain 

injuries (TBI, stroke).  Memory deficits and anxiety are documented to be occured 

following blast exposure.  As such, these behavioral outcomes were assessed.  

Elevated anxiety-like behavior was observed in blast groups measured from 2 days to 3 

months when animals were tested by the light and dark task (Figure 6.8). This data is 

consistent with increased cell death and neurodegeneration in the amygdala and 

nucleus accumbens at an early stage. Clinical reports suggested that increased stress, 

anxiety and memory impairment are linked (25,56).  

 

 

 

However, in the current study, anxiety was found during the acute stages while impaired 

memory was delayed.   Increased anxiety can result in substantial stress biologically at 

cellular levels. This is consistent loss of intracellular oxidative stress and astrogliosis in 

NAC. In addition, increased reactive astrocytes were correlated with elevated anxiety 

after BOP exposure in the amygdalar region of brain at a chronic stage (3 months).  

Figure 6.8: Anxiety-like behavior was observed from 3 days – 3 months 

following blast overpressure exposure. 2d – 2 days, 7d – 7 days, 1m – 1 

month, 3m – 3 months. 
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Decreased performance in NOR task (Figure 6:9) or impaired memory correlated with 

increased microglial levels in hippocampal region (Figure 6.10). Data showed that 

microglial and astrocyte activation played an important role in tardive cognitive deficits. 

A review on TBI has suggested astrogliosis could be involved in long-lasting cognitive 

deficits due to the change of neuronal networking from activated astroglia and microglia 

[202].  

 

 

 

 

A key finding of the current studies was that myo-inositol levels in the PFC were 

correlated with negative performance in the NOR task at a sub-acute stage. Thus, 

increased levels of myo-inositol marked impaired memory. Since myo-inositol is 

primarily present in astrocytes, increased levels would indicate astrogliosis (Figure 

6.11). Although a detailed assessment (working vs long term memory) on memory is 

lacking, clinical studies have reported memory issues following BINT [200-203]. Similar 

to clinical reports, animals exhibited anxiety-like behavior at an acute phase after BOP 

exposure, while working memory impairment was observed starting at a sub-acute 

phase (7 days) following BOP exposure. 

Figure 6.9: Impaired working memory was observed from 7 days – 3 

months following blast overpressure exposure. 3d – 3 day, 7d – 7 days, 1m 

– 1 month, 3m – 3 months. 
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Figure 6.10: (A) Positive correlation between impaired memory and astrocyte 

activation in hippocampus at 3 months could be involved tardive working memory 

issues; (B) Time spent in dark (indicator of anxiety) was correlated elevated microglial 

levels in blast group showed microglial activation in amygdular region of brain at 3 

months following BOP exposure. 
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Conclusion  

In summary, early mitochondrial impairment in addition to oxdative stress is identified at 

an acute stage. Although NAA levels may reflect acute changes in mitochondrial 

integrity, levels were unchanged under the present conditions in HIPP, AMY, NAC and 

PFC. Neither NAA nor creatine levels were altered at this early stage (24-48 hours) after 

BINT in HIPP; however, the GSH/NAA ratio was decreased significantly, consistent with 

the relationship of mitochondrial damage in HIPP. In addition to its role in mitochondrial 

acetate homeostasis, the high concentration of NAA and its localization to neuronal 

mitochondria make it a surrogate marker of neuronal density in clinical MRS. The 

absence of an effect on NAA at these early time points suggests that NAA is not a 

suitable marker of early hippocampal disruption from BINT. Alternatively, the large NAA 

reserve (~5–10 mM) may buffer against significant alterations at this early stage of 

insult. 

Figure 6.11: Myo-inositol levels in the prefrontal cortex of sham animals had a 

significant negative correlation (p<0.05) with working memory while this correlation 

was lost in blast exposed animals at 7 days post blast. 

 

 



116 
 

BINT decreased levels of GSH, a major anti-oxidant in neurons, which is consistent with 

a cellular response to increased reactive oxygen species and/or a compromised ability 

to reduce oxidized GSH by GSH:NADPH reductase. Decreased GSH and a 

compromised tricarboxylic acid cycle would also be expected to increase the pentose 

phosphate pathway in an attempt to maintain NADPH for GSH reductase. In 

accordance with HIPP data, mitochondrial damage was consistent in NAC, AMY and 

PFC with the activation of GABA shunting pathway.  Elevated myo-inositol levels in PFC 

further supported the glial scarring and were associated with impaired working memory 

at an sub-acute stage (7 days) following BOP exposure. Early metabolic changes and 

oxidative stress were consistent with a compromise in energy metabolism that resulted 

in sub-acute active neurodegeneration and glial scarring.  GABA shunting pathway was 

activated and data suggested that phospholipase A2 activated arachadonic pathway is 

involved in cellular death cascades.  

Although the neurochemistry and neuropathology following blast appears to be 

somewhat diffuse, there were differences among the specific regionFs evaluated.  It is 

important to understand the relationship HIPP, AMY, PFC and NAC as it is associated 

with cognition, reward, motivation, and addiction. Afferents to the NAC arrive from the 

PFC, a key decision-making region, and the amygdala, which is the region for 

controlling fear responses as well as disordered fear integration (anxiety).  Hippocampal 

projections to AMY and PFC play an important role in decision making and fear induced 

stress. Memory deficits and anxiety are seen commonly associated with BINT which 

could be a result from the early changes in metabolites, neurodegeneration and 

astrogliosis.  This environment creates cellular stress which could translate into 

impaired signaling networks these regions. Since these four regions work closely 

together, injury to any of these four cognitive regions can significantly affect behavioral 

outcomes and thought processes.  

It is key to note the temporal development of the behavioral outcomes.  Anxiety-like 

behavior was observed at an acute stage (3 days post blast), while working memory 

impairment was observed at the sub-acute stage (7 days post blast). This study 

identified the early metabolic changes and the development of anxiety at an acute stage 

(up to 72 hours); however, the development of working memory impairment is likely 



117 
 

related to the substantial loss of neurons and elevated astrocytes in PFC at 7days 

impairing the signaling cascades with other cognitive regions. 

Chronic working memory issues and anxiety-associated behavior can be further be 

related to chronic activation of astrocytes in HIPP and microglia in AMY respectively. 

Furthermore, these results from 1H-MRS can directly translate into human studies to 

provide valuable insight into diagnosis of BINT. It is tempting to speculate that levels of 

Ins in the brain measured using NMR may be a potential biomarker for blast-induced 

memory impairment. In addition, with the advancement of technology, clinical MRS (or 

NMR) could resolve peaks of Glu, GABA, Lac, Cre, Ins, cholines and NAA. NMR can be 

used as a critical diagnostic tool and measure of treatment effectiveness in BINT to 

understand the changes in the essential cognitive regions like HIPP, PFC, AMY and 

NAC. However, the use of NMR for neuroscience is in a nascent stage as a diagnostic 

tool. Understanding the metabolic profiles clinically would provide an insight into the 

potential changes which can not only be related to animal studies that identify key 

metabolic changes but also for the identification of key biomarkers.  

Limitations 

Each of the study aims presented with experimental limitations. The limitations taken in 

whole or in part may have affected the results observed in this work.  Specific limitations 

are discussed below. 

1. Animal studies present several challenging limitations. First, in order to 

understand the fundamental injuries that occur from primary blast, the 

blast animal model was simplified.  It was decided that each animal would 

be subjected to single whole body BOP exposure (17 psi or 117KPa) in 

frontal orientation.  In addition, chest protection (typically used in 

battlefield by military personnel) was not used. Secondly, all animals were 

anesthetized with isoflurane during the short blast exposure. Isoflurane is 

neuroprotective [204] and could acutely modify the neurochemical levels.   

2. It has been reported that levels of glutamate and glutamine are altered as 

isoflurane facilitates GABA receptor-mediated inhibition [204].  As such, 

the effect of blast exposure in non-anesthetized animal would be predicted 
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to be more severe than the present observations. In addition, in order to 

limit the number of animals utilized within the study, it was decided that 

neuropathology would be restricted to the four analyzed brain regions 

(HIPP, PFC, AMY, NAC).  As such, neuropathology in other regions of the 

brain would provide a more complete account of the injury from blast.  . 

3. MRS data was evaluated ex vivo in different regions of brain, although ex 

vivo data provided valuable information with well resolved spectra on 

individual regions, the spectra could be different for the peaks such as 

lactate which increases due to metabolic regulation by euthanasia.  

4. Clinical reports suggest mental stress prior to blast exposure, typically 

experienced by soldiers could enhance the injury.  While animal transport 

and handling may provide acute stress, the animals unlikely undergo the 

chronic stress seen by our soldiers.  Stress can effect the activity of 

regions like AMY and NAC leading to abnormal neuronal signaling and 

neurochemical imbalance. Stress in addition can elevate the neuronal 

activity initiating fear conditioning pathways 

5. The current study is limited to working memory, which can affect additional 

high order cognitive issues such as long-term memory. Effect of blast on 

potential role in dementia/Alzheimer’s disease has to be evaluated. Long 

term memory deficits could lead to demential and eventually into 

Alzheimer’s.  

Despite these limitations, this study provided valuable insight on fundamental changes 

that occurs as a result of BOP exposure.  Novel results concerning the metabolic 

profiles, cell death patterns and the temporal development of behavioral deficits offer a 

strong baseline for studies with different parameters (head orientation and protective 

gear) in the future, as well as understand the effectiveness of drug treatments for BINT  

Future Directions 

Based on the results of these studies, there are several possible directions for future 

investigations 
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1. The enzymatic cascades of phospholipase A2 should be evaluated using 

assays to confirm the enzymatic activity of phospholipase A2. It has been 

demonstrated that aggregation of amyloid-beta plaques in Alzheimer’s 

disease is mediated via phospholipase-A2 enzyme cascade [205]. Inhibiting 

phospholipase-A2 reduces the production of inflammatory products like GPC 

and interleukins, which increases inflammation and subsequent cell death. 

Phospholipase-A2 inhibitors could be as potential candidate for treatment 

studies in relation to BINT. 

2. Mitochondrial failure was demonstrated throughout the study in relation to the 

Krebs cycle. Enzymes within the Krebs cycle should be assayed in order to 

understand the critical role of energy crisis associated with mitochondrial 

failure. These studies can be used to decipher the specific molecular 

cascades that are affected by BOP exposure. 

3. Since the current project was limited to study working memory deficits, long 

term memory deficits should also be considered.  Clinical reports have linked 

long term memory deficits to BINT [7,9,10] . The role of these deficits further 

progressing to dementia/Alzheimer’s disease symptoms should be evaluated. 

Standard behavioral batteries to score the advancement of the clinical 

sympotoms like alzheimer’s has to be incorporated into follow up studies 

performed at psychiatric and neurological centers. 

 

4. Several recent reports voiced concern that Veterans with BINT will have 

advanced neurodegeneration which may lead into Alzheimer’s disease 

[28,206]. As such, chronic assays on tau and alpha-synuclein proteins could 

give an insight on pathophysiological prognosis of BINT into Alzheimer’s 

disease and depression/mood-disorders. It has been noted that increased of 

tau, alpha-synuclein, and amyloid-beta aggregates in relation to Alzheimer’s 

disease.  

 

5. It is critical to understand the effects of BOP exposure without anesthesia in 

order to most accurately evaluate and determine the extent of injury.  In 

addition, pre-stress conditioning of animals should be considered in future 
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studies in order to understand the role that stress may play in BINT.  During 

these studies, it would be critical to evaluate the role of dopamine, serotonin 

and norepinephrine as these neurochemicals play an essential role in 

regulating mental stress.  

 

6. Head orientation (side-on position), chest protection and multiple exposures 

to blast overpressure needs to be evaluated. It will be to critical understand 

the prognosis of injury in the most realistic environment that our military 

personnel are exposed to.  It would be critical to collaborate with military 

population in order to mist accurately model the combat environment.  .  

 

7. Inflammatory cascades of BINT are still under studied.  Current data provides 

evidence of the potential role inflammation in relation to astrogliosis via 

activation of pro-inflammatory factors.  However, details to interpret which 

inflammatory markers are key need to be further evaluated.  

 

8. Correlation between behavioral deficits and changes in cerebrospinal fluid 

and serum biomarkers could be advantageous to the medical community. 

Biomarkers are valuable in developing diagnostic techniques for the 

personnel affected with BINT as well as measuring recovery and treatment 

effectiveness. 

 

9. Scaling of the rodent studies using high order animal model such as porcine 

and monkeys could help to understand the changes in brain metabolites and 

evaluating specific pathways of injury cascades like mitochondrial failure and 

drug studies using non-invasive magnetic resonance spectroscopy to directly 

translate the changes clinically. 

 

10.  Recent studies have shown dentate gyrus (DG) region of hippocampus is 

affected during BINT [24,192]. Since neuronal stem cells promote 

regeneration following injury, it is critical to understand changes in the DG 

stem cell population and their differentiation and regulation patterns. 
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