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ABSTRACT 

 

Explosions cause the majority of injuries in the current conflicts, accounting for 79% of 

combat related injuries (Ramasamy et al. 2008). Blast overpressure from explosions can cause 

barotrauma to the lungs and the brain. Blast-induced mild traumatic brain injury has been labeled 

the ‘signature wound’ of current military conflicts in Iraq and Afghanistan (Snell and Halter 

2010).  In addition to elevated number of blast-induced traumatic brain injuries due to increased 

military conflicts overseas and the usage of improvised explosive devices, the incidence of blast-

induced polytrauma has risen due to the prevalence of terrorist events around the world (Arnold 

et al. 2004, Rodoplu et al. 2004). Blast-induced polytrauma is a major concern as lung injury can 

cause immediate mortality and brain injury causes long-lasting neurocognitive impairment. 

There is a critical lack of understanding the pathology of blast-induced polytrauma since the 

needs are multifaceted and therefore few options for treatment. Thus, the research presented in 

this dissertation required the development of a military-relevant blast polytrauma model to 

examine injury pathology and subsequently study the effects of hemostatic nanoparticle therapy 

after blast-induced polytrauma. The pre-clinical model was characterized and static overpressure 

thresholds were determined for lethality risk. It was confirmed to have many of the classic 

hallmarks of primary blast lung injury (PBLI), as well as blast-induced neurotrauma (BINT) 

(Clemedson 1950). Global hemorrhaging was found in the lungs and well as reduced oxygen 

saturation. Markers of astrogliosis and blood-brain barrier disruption were examined in the 

amygdala after blast. The novel nanoparticle configuration (hemostatic dexamethasone-loaded 

nanoparticles (hDNP) functionalized with a peptide that binds with activated platelets) was 

investigated and hypothesized to increase survival, reduce cellular injury and reduce anxiety-like 

disorders after blast polytrauma. After investigating hDNP, it was found that the hDNP treatment 

benefited survival percentage after injury as well as reduced percent hemorrhage in the lungs and 
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improved physiology. Elevated anxiety parameters found in the controls were lower as compared 

to the hDNP group. Glial fibrillary acidic protein (GFAP) and cleaved caspase-3 were 

significantly elevated in the controls compared to the hDNP group in the amygdala. SMI-71 was 

also significantly elevated with the hDNP and hemostatic nanoparticle (hNP) treatments, similar 

to sham. In addition to the nanoparticles offering immediate life-saving qualities, administration 

of hemostatic nanoparticles improved amygdala pathology attributed to secondary mechanisms 

of blast injury, including blood-brain barrier disruption. This model of polytrauma can serve as a 

foundation for detailed pathological studies as well as testing therapeutics for injury modalities.  
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Chapter 1: Background 

 

Portions of this chapter are from “Cellular Mechanisms and Behavioral Outcomes in Blast-

induced Neurotrauma: Comparing Experimental Set-ups” 2016, Methods in Molecular Biology 

“In Press” (Hubbard 2016) 

1.1 Blast Wave Characteristics  

In classic free-field blast, the fireball creates near-field and mid-field regimes; these have 

complex, non-uniform transient wave dynamics (VandeVord 2016). Beyond these regions, 

equilibrated flow is achieved and an idealized form of a shock wave is generated in far-field 

relative to the free-field explosive origin. The idealized wave is generally referred to as the 

Friedlander wave and is defined by the Friedlander equation (Friedlander 1955). The time course 

and waveform applies to all dynamic conditions in far-field areas from blast detonation, though 

peak overpressure and duration vary based on type and amount of charge. 

Equation 1. Friedlander Equation 

𝑃(𝑡) =  𝑃𝑠𝑒
−

𝑡

𝑡𝑝(1 −
𝑡

𝑡𝑝
), where Ps = peak overpressure and tp = positive phase duration. 

Representation of this equation is illustrated in Figure 1. 
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Figure 1. General Characteristics of a Friedlander Waveform; Overpressure vs. Time Source: Walter 

Reed Army Institute of Research *Public Domain 

Blast waves generally consist of an initial shock front, which is a rapid jump in 

overpressure, followed by a positive overpressure phase that descends into a brief negative 

overpressure, or underpressure, phase. The negative phase is due to a “suctioning” effect from a 

partial vacuum that is created after blast as a result of the initial overexpansion of detonation. 

The positive impulse is the integral of overpressure and time until pressure reaches ambient and 

is seen by the shaded area in Figure 1. In Equation 1, peak overpressure refers to the peak of the 

initial shock front and positive phase duration refers to the time between the shock front and 

when the pressure returns to ambient pressure. Rise time, on the order of one microsecond, is the 

time it takes for the shock front to reach peak pressure from ambient pressure. A simplified blast 

wave (Figure 1) is typically what is used in controlled lab environments, but actual blast waves 

seen in theatre, an area where military events are progressing during warfare, can have multiple 

peaks and can be quite complex. A blast wave occurs on the scale of milliseconds (ms) and its 

rapid passage can cause deleterious effects on specimen or structures exposed to it. The blast 

wind can cause global movement of objects or persons back towards the blast origin due to a 
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vacuuming event. Another marker of blast is the secondary shock. This is developed from a 

negative phase due to the initial overexpansion of the detonation source, which creates a lower 

magnitude shock in the same direction as the incident blast wave. 

1.2 Blast Overpressure Measurements 

There are several different pressure terms that can describe a blast wave. An introduction 

into these terms is presented in order to fully assess blast exposure methods. Overpressure is the 

measurement of pressure relative to ambient level of pressure. Static, or side-on, pressure is the 

crushing force of the blast and is due to the thermodynamic state of the gas. For an ideal gas, 

static pressure is: 

Equation 2. Static Pressure 

 𝑃𝑠 =  𝜌𝑅𝑇, where ρ is the density, R is the gas constant, and T is the temperature. 

Static pressure is measured by a point where the measurement does not obstruct blast 

flow, or perpendicular to the flow, and is not exposed to any kinetic energy from the blast wave. 

Dynamic overpressure measurement is made up of the specific kinetic energy from the blast 

flow. Dynamic pressure is defined as: 

Equation 3. Dynamic Pressure 

𝑃𝑑 =  
1

2
𝜌𝑣2, where ρ is the local flow density and v is the velocity. 

Dynamic pressure is responsible for displacement of exposed objects and cannot be 

measured by a sensor directly, rather is calculated by: 

Equation 4. Relationship between Pressure Types 

𝑃𝑑 =  𝑃𝑡 −  𝑃𝑠, where Pt is the total pressure. 

Total, or face-on, overpressure is simply the summation of static and dynamic 

overpressure (Figure 2) and can be measured using a Pitot-static sensor probe. Reflected pressure 

is the pressure experienced on a surface exposed to the shock front and is always higher than the 

total pressure. Mach stem (Figure 2) occurs when the reflected pressure and incident pressure 

come together to create one pressure wave that is around twice the pressure amplitude. Loading 
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conditions of a blast wave incorporate all type of pressure, including static and dynamic. Peak 

reflected pressure has been determined to simply encompass blast loading, defined by: 

Equation 5. Peak Reflected Pressure 

𝑃𝑟𝑒𝑓𝑙 = 2𝑃𝑠 + 2.4𝑃𝑑 (Iremonger 1997) 

Unless otherwise specified, all blast overpressure measurements in this dissertation refer to static 

overpressure. 

Table 1. Various types of pressure definitions. Adapted from (VandeVord 2016) 

Pressure Measurement Definition 

Pressure Describes fluid behavior; the force exerted per unit area or energy 
per unit volume. 

Overpressure Measurement of a change in pressure relative to ambient 
pressure. 

Static Pressure Pressure due to the thermodynamic state of a gas; known as the 
crushing force of a blast. 

Dynamic Pressure Specific kinetic energy of gas flow; referred to as the “blast wind”. 

Total or Stagnation Pressure Combination of static and dynamic pressure; measured by Pitot-
static probe. 

Reflected Pressure Peak pressure exerted on a surface exposed to shock front; is 
dependent on incident shock strength and its angle to the surface. 
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Figure 2. Graph of Face-on and Side-On Pressure (Stuhmiller in Conventional Warfare: Ballistic, 

Blast, and Burn Injuries). *Public Domain 

 

1.3 Military Concern for Blast Injury 

The first reports of injury by “wind of (cannon) ball” referred to injuries of air-filled 

organs during wartime (Blane 1785, Forbes 1812). Other reports of blast injury precede World 

War I with a number of cases cited in Clemedson, et al. (Clemedson 1949). Into the 1940s and 

1950s, clinical reports of blast injury concerning burns, injury, and patient management were 

published (Barr et al. 1946, Musselman and Berry 1951, Sullivan 1951). Blast injury to the air-

filled organs, especially the lungs, was a major source of initial concern due to mortality (1941). 

Prevalence and concern for blast lung injury has lessened due to better protective equipment 

though still remains an issue in in-vehicle environments (Singleton et al. 2013).  
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One report from World War I stated that soldiers sustained shock with no external 

wounds visible (Hooker 1924). Another described “shell shock” (headache, amnesia, depression) 

in soldiers as a result of high explosives in trench warfare during World War I (Mott 1916). The 

term “shell shock” was thought to be due to blast exposure despite some controversy surrounding 

its distinction (Jones et al. 2007). While brain injury from penetrating wounds and blunt impact 

was reported during and after World War II, primary blast-induced brain injury received much 

more attention and was labeled the “signature wound” of the conflicts in Iraq and Afghanistan 

(Snell and Halter 2010). 

With the increased use of improvised explosive devices (IEDs) in warfare, blast loading 

is a major concern due to debilitating effects on exposed persons. IED is a generalized term that 

can refer to many different explosives, ranging from Molotov cocktails to pipe bombs, and are 

used in military conflicts as well as acts of terrorism (Wightman and Gladish 2001, CDC 2006). 

Injuries from blasts typically occur at interfaces of differing tissue densities and mechanisms can 

include spalling, implosion, and shearing forces (Wightman and Gladish 2001). 

 

Figure 3. Number of Diagnosed TBIs in Military Service Members from 2000-2015. Source: Defense 

and Veteran Brain Injury Center. *Public Domain 
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Blast injuries have increased in the past decade due to increased involvement in overseas 

conflicts according to Centers for Disease Control and Prevention (CDC 2006). The number of 

service members diagnosed with traumatic brain injury (TBI) has increased from the early 

2000’s until 2011 due to the significant military involvement overseas as well as improved 

diagnostics for TBI (Figure 3). In recent years, these levels have dropped though remain above 

20,000 per year. A rise in terrorism worldwide also fuels the TBI crisis as well as polytrauma 

(Figure 4; from RAND-MIPT Terrorism Incident Database). With the combination of IED usage 

and unprotected civilians, blast injuries and deaths have increased over the years. Reports from 

terrorist activity in the Middle East and Europe in the late twentieth century highlight the 

growing issues and prevalence of primary blast lung injury (PBLI) (Hirsch and Bazini 1969, 

Hadden et al. 1978, Brismar and Bergenwald 1982, Cooper et al. 1983, Frykberg and Tepas 

1988, Katz et al. 1989, Pizov et al. 1999). Even without warfare, blast injuries will be a concern 

due to the fact that many occupations use explosives during work operations (mining operations, 

construction/demolition, and law enforcement). 

 

Figure 4. Worldwide Trends in Terrorist Explosive Events (Wolf et al. 2009). Wolf, S. J., V. S. Bebarta, 

C. J. Bonnett, P. T. Pons and S. V. Cantrill (2009). "Blast injuries." Lancet 374(9687): 405-415. *Fair 

use 
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1.4 Types of Blast Injuries 

There are various types of injuries that can result from blast exposure (Figure 5). These 

are delineated by the mechanism of injury. 

1) Primary blast injury is attributed to the static blast overpressure itself. Barotrauma, 

injury caused by pressure changes, after blast exposure is most commonly found in air-filled 

organs or at air-fluid interfaces. Injuries to several different organs can occur, including 

tympanic membrane of the ear, lungs, and the brain (Mackenzie and Tunnicliffe 2011, Yeh and 

Schecter 2012). While the tympanic membrane has the lowest blast threshold for primary injury, 

primary blast lung injury is the most life-threatening due to hemorrhage and edema (Coppel 

1976). The mechanism by which primary blast exposure injures the brain is not fully understood 

but reports suggest multiple mechanisms can play a role (Moss et al. 2009, Bolander et al. 2011, 

Leonardi et al. 2011, Simard et al. 2014, Xu et al. 2016). 

2) Secondary blast injury is due to debris (shrapnel) that strikes the body while carried by 

the dynamic forces of the initial blast front or the blast. Projectiles, such as metal casing, nails, or 

glass, are often incorporated into device design (Covey 2002). In addition, missiles, including 

rocks and dirt, can be accelerated by the blast (Gawande 2004, Rosenfeld 2006). This injury 

occurs at the site of projectile impact and can be defined as blunt or penetrating trauma 

(Ramasamy et al. 2008).  

3) Tertiary blast injury occurs when the blast wind propels an exposed person into a solid 

object. Typically, this is considered a blunt impact of the body against a rigid structure. 

Concussion can be sustained which can exacerbate brain injury and make it difficult to 

distinguish from primary and tertiary blast-induced brain injury. 

4) Quaternary blast injury encompasses any other source of injury that occurs as a result of 

the blast, including chemical exposure and thermal burns. Chemical warfare dates back to World 

War I and opened the door to this complex public health threat (Fitzgerald 2008). Acute 

inhalation injury is common after chemical or fire exposure and contributes to acute respiratory 

failure (Rabinowitz and Siegel 2002). Burns can result in irreversible tissue loss as well as impair 

system inflammatory and immune responses (Bourdeaux 2008). Lung injury due to chemical 

exposure and burns overlaid with primary blast lung injury results in devastating consequences. 
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This type of injury also includes crush injury which is a major cause of death in structural 

collapses (Arnold et al. 2004). 

 

 

Figure 5. Types of Blast Injury (Stewart 2006). Stewart, C. (2006). "Blast Injuries: Preparing for the 

Inevitable." Emergency Medicine Practice 8(4). *Fair use 

The research presented in this dissertation focuses on the effects of primary blast-induced 

polytrauma. The model used eliminates any secondary, tertiary, or quaternary effects from the 

blast (Appendix A). 

1.5 Experimental Models of Primary Blast Injury 

Pre-clinical research of blast injury has evolved in recent years however methods from 

producing experimental blast vary. Several experimental approaches are reported within the blast 

neurotrauma literature. Various methods may contribute to varied findings surrounding time 

course, recovery and extent of primary and secondary injury mechanisms in blast-induced 

neurotrauma (BINT). For those interested in studying the effects of blast overpressure (BOP) on 

the brain, isolation of the primary blast wave is crucial. However, some studies have examined 

the effect of composite injuries involving multiple injury modes (Svetlov, 2012 #42). Others 
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have studied the combined effects of primary and quaternary blast injuries in what is referred to 

as a burn-blast model (Chai et al. 2013). Knowing the exact blast parameters used to cause injury 

is crucial for comparison between data gathered from each of the research models. 

1.5.1 Open Field Explosive Testing 

Open field detonations (Figure 6A-B) use an explosive to induce BINT. An explosion is a 

phenomenon that results in a sudden release of energy and creates a blast wave which propagates 

outward from the explosion. Trinitrotoluene (TNT) is commonly used in varying amounts 

depending on the magnitude of the detonation required for animal testing. One advantage of 

conducting open field testing is that there is no flow hindrance of the blast wave, which allows 

for testing of either larger animal models or multiple small animal models (Axelsson et al. 2000, 

Pun et al. 2011, Rubovitch et al. 2011). On the other hand, administering anesthesia and 

controlling for bacterial exposure to survival animals is more difficult in the harsh outside 

environment. 
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Figure 6. Diagram of open field, shock gun, and blast simulator set-ups. 

While detonations are arguably the most successful in recreating battlefield explosions, a 

limitation is that repetition of the same testing conditions is nearly impossible given variability 

between explosive devices and reflections of the blast wave. This makes reproducing results and 

testing set parameters of blast overpressure and duration a formidable task. Though this may 

mimic IED warfare in theatre, consistent exposure is crucial for obtaining statistical significance 

within research data. Static overpressure profiles do not resemble the ideal Friedlander waveform 

and positive durations have been measured up to 18 ms (Pun et al. 2011). Obtaining the 

clearance to perform open field blast studies in an approved facility is difficult. Yet, some 

researchers have used explosives in conjunction with blast tubes to replicate battlefield 

explosions in an experimental environment, eliminating the need for open space (Saljo et al. 

2000). Another drawback is that secondary injuries, such as those sustained from debris, often 

occur with explosives set-ups, thus pre-cautions (e.g. animal shielding) are required in order to 

limit studies to primary injuries. While it is difficult to isolate primary blast wave, animal 

protection such as containment within a cage has been utilized for open field blasts (Kaur et al. 

1995, Rubovitch et al. 2011). 

1.5.2 Shock Guns 

Since live detonation testing is not optimal for research laboratories, several devices have 

been constructed to recreate shock waves.  The shock gun method consists of a narrow tube 

(usually vertical) that contains a driver and driven tube separated by a diaphragm. Burst of the 

diaphragm creates a shock wave that is transmitted to a specimen positioned outside of the tube. 

In this set-up, positioning of the animal is crucial in terms of achieving exposure to static 

overpressure without exposure to the dynamic winds. The effects of positioning the animal 

perpendicular to the shock wave have been studied, and it was found that this orientation causes 

head accelerations atypical of blast TBI (Gullotti et al. 2014). Placing the animal directly under 

the tube causes very high dynamic overpressure exposure that is not representative of open field 

blast exposure. The fast expansion of the wave leaving the narrow tube causes rapid dissipation 

of energy and can therefore make it difficult to produce an accurate free-field blast wave. The 

combination of the emerging shock wave and venting gas causes the formation of a vortex and 

high flow velocity region called end-jet. As such, researchers using this device have modified 
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their methodology (Figure 6D) so that the animal is offset from the end-jet and not exposed to 

reflections (Svetlov et al. 2010, Yeoh et al. 2013). One advantage of using this method is that it 

is possible to use on a laboratory bench top due to the smaller size of the device. However, 

appropriate measurements need to be collected to verify that the conditions resemble an 

appropriate blast environment. 

1.5.3 Blast Simulators 

Historically, conventional shock tubes (ST) have been used to mimic blast conditions 

within the laboratory setting.  This method allows for manipulation of the shock wave within a 

controlled environment with high repeatability. Most recently, modifications to the ST have led 

to the design of the Advanced Blast Simulator (ABS), which was designed to intrinsically 

replicate all the key features of blast wave flow conditions, including the negative phase and 

secondary shock as described previously by VandeVord et al. (VandeVord et al. 2012).  The ST 

is composed of two separate chambers: the driver, where the pressure is created by means of an 

air compressor system or other gas, and the driven, where the shock wave propagates through the 

test section (Celander et al. 1955). Because the wave is produced by compressed gas bursting a 

membrane instead of an actual chemical explosion, the term shock wave is used instead of blast 

wave.  It is important to understand how the shock wave develops within the tube and how end-

of-tube rarefaction leads to an imbalance of high dynamic pressures yet reduced static pressure 

conditions, amounting to extremely adverse effects.  Thus, experiments staged with a specimen 

near the end of the tube, where the static pressure decreases and dynamic pressure increases, 

should be avoided. In order to create a more accurate blast environment for animal testing, the 

ABS was designed (VandeVord et al. 2012). There are three chambers in the ABS device (Figure 

6F): a driver, driven, and end-wave eliminator (EWE). The EWE consists of a dump tank that 

can contain the expanding gases from entering the lab-space and at the same time creates some 

overpressure reflection that counteracts the rarefaction wave.  Baffling is incorporated into the 

EWE to break up the venting shock front and eliminate the waves from traveling back up the 

device, in contrary to the ST which has an open end causing a reflection of the wave and 

exposing the animal to multiple extraneous shocks that do not exist in real blast conditions.  A 

disadvantage of using either the ST or ABS designs is that shock flow constraints require less 

than twenty percent restriction of specimen in the device in order to recreate the most accurate 

blast flow conditions. Large animal studies would require a much larger chamber (approximately 
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16 square foot cross section) or the addition of an expansion section for optimal flow 

specifications, which ultimately leads to laboratory space concerns. 

1.5.4 Optimization of Blast Method 

There are several variables that can be adjusted in shock/blast wave simulation in order to 

change injury modes and modify the application of the blast model. All of these variables can be 

tailored to create a specific injury due to settings surrounding blast exposure. These variables 

include, but are not limited to: 

1. Blast Physics 

The static and dynamic overpressure sensed by the test animal can be adjusted at the driving 

source of the experimental set-up or by the distance the animal is from the driving source of the 

blast. For open field testing with explosives, the amount of explosive used can be adjusted to 

increase or decrease the overpressure of the wave. In shock tube, shock gun, or blast simulator 

set-ups (Figure 6), a greater internal driver overpressure upon membrane burst will produce a 

higher blast overpressure in the test area for the specimen. For passive membrane ruptures, this is 

typically accomplished by increasing the thickness of the membrane or choosing a material that 

can sustain higher driver overpressure. In blast set-ups that utilize active membrane rupture 

techniques, the driver overpressure can be adjusted by the user. In all set-ups, changing animal 

distance from blast wave generation will affect the overpressure exposed to the animal. 

2. Animal Position 

The position of the test animal with respect to the tube can change the static blast 

overpressure profile as while as dynamic overpressure portions of the blast wave. If the shock 

tube has an open end, a rarefaction is created when the shock wave reaches the end of the tube. 

This creates increased out-flow velocity and recompression shock comes back toward the animal 

(VandeVord 2016). To effectively simulate explosive blast, animals should not be placed near 

the end of tube in these conditions. On the other hand, animals need to be placed far enough from 

the shock wave generation so the wave can properly form by the time it reaches the test location. 

The animal body should be fully enclosed in the tube as openings surrounding the animal would 

cause wave reflections on the specimen. 
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3. Animal Orientation 

The orientation of the animal can determine what part of the animal’s body is impacted first 

by the shock front. This can also determine overpressure gradients experienced within the body 

(head to toe; left to right), which can vary mechanism of primary blast exposure. If the model is 

for whole body exposure, orientation can determine extent and mechanism of the sustained lung 

injury. 

4. Animal Harness 

The harness or sling the animal is held in can actually contribute significantly to the type of 

injury or blast experienced. A sling with some ability to move with the dynamic blast wind will 

allow the animal to primarily be injured by static overpressure. An animal that is held in a rigid 

holder can potentially sustain blunt trauma if the blast wind propels the animal against the rigid 

surface. Also, if the harness constricts the body and leaves the head exposure, acceleration injury 

can be sustained (head motion relative to the thorax/body) (Garman et al. 2011).  

5. Additional Factors 

Relating to animal position, end wave eliminators can effectively eliminate any reflection of 

the blast wave back to the animal. This can ensure that the animal only experiences one “free-

field” exposure to the blast wave, resembling a Friedlander blast curve. The animal can wear 

protective equipment to mitigate injury to organs underlying the shielding (Xu et al. 2016). As 

static overpressure causes a “crushing” force around the specimen, protective equipment 

occasionally does not prevent all underlying organ injury.  

Overall, there are many inconsistencies between researchers in the methodology of 

inducing bTBI due to the high number of variables that can affect primary blast injury. These 

inconsistencies manifest in altered pathology due to the modes of injury and the injury severity. 

Some methods do not accurately recreate the free-field blast wave or use incorrect animal 

positioning, which can introduce secondary and tertiary forms of injury and are unrepresentative 

of BINT. This has become such a significant concern that the NIH/NINDS has recently 

developed a list of common data elements (CDEs) for pre-clinical TBI research to promote the 
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use of standard reporting and facilitate comparisons across studies (Hicks et al. 2010). The need 

for standardization in small animal research is crucial to advancing the field. 
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Chapter 2: Developing a Model of Blast Polytrauma 

2.1 Introduction 

2.1.1 Statement of Problem 

While the military has taken protective measures to mitigate injury to the thorax and 

lungs during a blast exposure, PBLI is still evident in mounted/in vehicle cases during military 

conflicts (Singleton et al. 2013). Moreover, civilians, who are unprotected from blast exposure, 

can be severely harmed by terrorist attacks that use improvised explosive devices. Since the 

lungs are the most susceptible organ due to their air-filled nature, PBLI is one of the most serious 

injuries seen in civilian blast cases. Although PBLI has recently developed as a primary issue in 

traumatic injuries from IED exposure, the incidence is rising (Figure 4) so the need to understand 

pathology of primary blast to the lungs is needed now more than ever. 

 

2.1.2 Significance 

Determining lethality threshold for rodent studies is crucial to guide experimental designs 

centered on therapies for survival after PBLI or mechanistic understanding of blast-induced 

polytrauma (BPT) itself. Lethality risk trends based on static blast overpressure for rodent 

models may help in standardizing animal studies and contribute to scaling to the human level. 

Lethality thresholds for minor, moderate, and lethal primary blast to the lungs will give an 

indication of blast overpressure ranges to guide pre-clinical rodent studies. Patterns and severity 

of internal hemorrhaging could give indication of mechanisms relevant to blast exposure in 

terrorist bombings. Severity of lung injury could also play a role in secondary mechanism 

progression in BPT studies.  

 

2.2 Literature Review 

2.2.1 Lung Anatomy 

The lungs are situated in the thoracic cavity and the right and left lung are separated by 

the mediastinum. The apex lies right above the first rib and base is concave and sits on the 

diaphragm. Each lung has a hilum where the root of the lung is located, which provides entrance 
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for the pulmonary arteries and veins as well as the bronchus. The pleural cavity is located 

between the visceral pleura, covering the surface of each lung, and the parietal pleura, which is 

attached to the inner surface of the thoracic cavity. Intrapleural pressure refers to the pressure in 

the pleural cavity and when the diaphragm contracts and the rib cage expands, intrapleural 

pressure is negative to facilitate inhalation. Blast injury can cause pneumothorax, which is 

usually described as a collapsed lung as it uncouples from the chest wall due to abnormal air 

accumulation in the pleural space (Phillips 1986).  

The respiratory tract starts with the trachea and branches into bronchi (primary, 

secondary, and tertiary). Further branching continues to the bronchioles and lobules, which are 

the functional unit of the lung. The lobules house the respiratory bronchioles which branch into 

alveolar ducts and alveolar sacs. Oxygenation of the blood occurs at the alveoli-capillary 

interface. The lungs receive dual blood supply through systemic and pulmonary circulation. 

General lung function and anatomy is similar between human and rodent lungs, though 

size and structure are vastly different. Even though rodents and humans have the same amount of 

lobes (five), human lungs have three on the right and two on the left, while rodent lungs has four 

lobes on the right and one lobe on the left (Figure 7). This discrepancy in lobe positioning could 

play a role in the macroscopic injury mechanism during blast exposure to the lungs.  

  

Figure 7. Rat, left, and Human, right, Lung Diagrams (Ruiz Junior et al. 2005). Ruiz Junior, R. L., L. 

R. de Carvalho and A. J. Cataneo (2005). "Compensatory lung growth: protein, DNA and RNA lung 

contents in undernourished trilobectomized rats." Acta Cir Bras 20(3): 219-224. *Fair use 
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Table 2 demonstrates size and structure differences between rodent and human lung (Tenney and 

Remmers 1963, Valerius 1996, Irvin and Bates 2003). 

Table 2. Structural and Size Lung Differences between Rodent and Human 

 Rodent Human 

Total Lung Capacity 10 mL 6,000 mL 

Parenchymal fraction of 
the total lung 

24% 12% 

Size of alveoli 70 μm 200 μm 

Blood-gas barrier 
thickness 

0.38 μm 0.62 μm 

Airway generations Around 17 17-21 

 

2.2.2 Transmission of Blast Overpressure to Lungs 

The lungs are especially vulnerable to primary blast overpressure due to their air-filled 

nature. As seen in Figure 8, the air in alveoli is easily compressible and decompressible 

(implosion effects). The rapid exposure, usually less than twenty milliseconds, causes shear 

forces at the density interface (inertial effects). Blast overpressure causes injury to the lungs 

through several mechanisms (Mackenzie and Tunnicliffe 2011): 

1. Spalling arises from high-low density mismatch and causes acceleration of high density 

material followed by expansion of low density phase. In terms of blast loading, spalling refers to 

fragmentation of material after the blast exposure. In the human body, this mechanism occurs at 

the rib cage/lung tissue interface as well as the alveolar/capillary interface due to density 

mismatch. 

2. Implosion consists of rapid compression and decompression of gas-filled tissues. 

Implosion plays an important role in the process of cavitation, or rapid formation and implosion 

of bubbles caused by pressure changes. Cavitation has been shown to cause tissue injury 

(Nakagawa et al. 2011). Implosion itself can occur in any air-filled organ but all airways can be 

affected in the lungs (Forbes 1812). 

3. Inertia refers to shearing of tissues of differing density levels, which are divergently 

accelerated by the shock wave. Energy is released at transition sites and focal mechanical 
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damage can result (Gean 2014). The result of high frequency waves on abrupt density interfaces, 

such as those in the lungs, is debilitating and causes micro-tearing of density barriers.  

 

Figure 8. Vascular Mechanics at Capillary-Alveolar Interface in Lungs (Kuehn et al. 2011). Kuehn, 

R., P. F. Simard, I. Driscoll, K. Keledjian, S. Ivanova, C. Tosun, A. Williams, G. Bochicchio, V. 

Gerzanich and J. M. Simard (2011). "Rodent model of direct cranial blast injury." J Neurotrauma 

28(10): 2155-2169. *Fair use 

Pulmonary hemorrhaging occurs after BOP exposure to the thorax and is often due to the 

underpressure phase when the gas expands and compresses the blood vessels (Fung et al. 1988). 

Overstretching of the alveolar membrane by gas trapped in alveoli causes microscopic lung 

trauma (Fung et al. 1988). Hemorrhaging and edema in the lungs has been shown to positively 

correlate with peak blast overpressure (Elsayed 1997). Cited as the second most sensitive organ 

(tympanic membrane of the ear) to blast overpressure, primary blast lung injury is considered the 

most serious injury due to internal hemorrhage and hypoxia, which can lead death when severe 

(Elsayed 1997). On a macroscopic scale, pulmonary contusions are often seen as the soft tissue 

of the lungs interacts with the rigid rib cage and costal spaces. Injury mechanism to the lungs is 

highly dependent upon orientation of the specimen to the blast wave origin. Research in PBLI 
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usually treats the lungs as a continuous organ, so susceptibility of individual lobes to injury has 

not been ascertained in rodents or humans (Skotak et al. 2013). 

2.2.3 Incidence of Primary Blast Lung Injury 

The first informal reporting of lung injury from the “wind of (cannon) ball” was found 

around the 1800s (Blane 1785, Forbes 1812). Lung hemorrhage due to blast was one of first 

findings and one of the first pre-clinical blast experiment was performed in 1957 (Clemedson 

1957). PBLI is a major cause of immediate mortality following IED strikes (Yeh and Schecter 

2012). PBLI is particularly more frequent when exposure occurs in enclosed spaces. Fatal injury 

percentage is significantly increased when soldiers were exposed to the blast wave in vehicle 

compared to on foot, in terms of PBLI (Singleton et al. 2013). This phenomenon is speculated to 

occur in vehicle due to multiple reflections of the shock wave inside the vehicle once the vehicle 

shell is breached, i.e. underbody blast. In recent Israeli conflicts, half of all civilians injured in 

terrorist bombings suffered acute lung injury, which required immediate treatment (Aschkenasy-

Steuer et al. 2005, Bala et al. 2010). Blast lung injury and thoracic trauma is common and almost 

always causing fatalities after blast exposures during terrorist activities (Marti et al. 2006, 

Turegano-Fuentes et al. 2008). It is also known that currently used treatments for lung and brain 

injury following BOP exposure can often contradict each other, so finding new treatments for 

lung injury is necessary for improving clinical interventions for cases of blast polytrauma (Hicks 

et al. 2010). From 2003 to 2009 for U.K. soldiers involved in military conflicts, less than 50% of 

patients that exhibited evidence of PBLI survived to reach a medical facility. Out of those that 

did survive, eighty percent required immediate ventilation support (Smith 2011). The need for a 

first responding treatment is vital in order to increase the chance patients with PBLI can survive 

to receive the needed intervention. The incidence of blast lung injuries seen in theatre increased 

from the Iraqi conflict to the war in Afghanistan for troops, demonstrating a growing clinical 

burden (Smith 2011). In many hospitals, physicians have the resources to adequately treat blast 

lung trauma, so having acute treatment to prolong survival in the prehospital stage would allow 

patients the opportunity for life-saving care (Ritenour and Baskin 2008). 

2.2.4 Pre-clinical Blast Lethality Research 

Blast lethality due to lung injury has been investigated since the late 1960s. Bowen et al. 

conducted multi-species blast experiments with a large sample size of over 2,000 subjects 
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(Bowen 1968, Bowen et al. 1968). This series of tests established the Bowen curves, which 

constitute the blast lung lethality thresholds of man, and were the first to highlight body mass as 

a scaling parameter for blast lung injury. While this still serves as a benchmark, there is more 

need of characterizing lethality risk for unscaled rodent studies 

A thorough literature review was conducted in order to identify overpressure ranges 

previously used for rat experimentation. Few published reports have used rat models to 

investigate PBLI. Moreover, the experimental set-up greatly varies between research groups, 

which lead to conflicting results.  Collectively, overpressures ranging from 62 - 136 kilopascals 

(kPa) have been investigated with variable time points for survival (Elsayed 1997, Gorbunov et 

al. 1997, Gorbunov et al. 2004). However, there are reported results of exposing rats to 

extremely high overpressures in the range of 550 - 827 kPa (Cooper et al. 1991, Irwin et al. 

1998). A general consensus is that ranges between 60-100 kPa peak overpressure produces low 

level blast injury, ranges between 100-140 kPa produces moderate level blast injury and >180 

kPa produces severe blast injury. To further the confusion, there is a lack of adequate evidence 

documenting the exact pressure wave pulse across the entire range of published results. This is a 

critical element because the time duration of exposure is a well-known characteristic of most 

other injury phenomena and likely plays a role in tissue damage. In conclusion, there is not an 

established lung injury threshold for transitioning between the overpressure levels. 

Choosing studies for comparison of lethality must be methodical and precisely done to 

construct an appropriate threshold. The different modes of injury procurement vary widely and 

the injury model intended is important for consideration. Many methods have been utilized to 

create blast-induced lung injury, including percussive nail guns, high-energy explosives, and 

compressed-air driven shock tubes (Badami et al. 2007, Chavko et al. 2008, Chai et al. 2013). 

Since the shock tube method can have the most consistency and is most similar to the method 

used in the experimental study at hand, only shock tube and blast wave generator studies were 

included in comparing lethality risk thresholds. Only blast-induced lung models were included, 

since blast-induced brain injury models often utilize drastically different settings, including 

overpressure values and orientation of specimen. Also, the recorded values of overpressure need 

to be static overpressure since that is the load bearing parameter commonly used in reporting of 

blast magnitude. All studies that utilized pharmacological interventions or other protective 
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measures, such as vests covering the thorax, were excluded. Overall, thirteen additional studies 

that used around 330 rats were included in lethality risk comparison to the current experiment 

work (Bauman et al. 1997, Elsayed 1997, Gorbunov et al. 1997, Elsayed et al. 2000, Gorbunov et 

al. 2003, Gorbunov et al. 2004, Chavko et al. 2006, Gorbunov et al. 2006, Chavko et al. 2008, 

Flierl et al. 2008, Seitz et al. 2008, Chai et al. 2013, Skotak et al. 2013). All studies either used 

compressed air or helium to drive the shock tube for BOP administration. Table 3 signifies 

current lethality research of small animal models due to primary blast injury that was used for 

comparison: 

Table 3. Small Animal PBLI Studies 

Author Orientation to Blast Method on Primary Blast Peak 

Overpressure 

Lethality 

Rate 

Chai, et al. Suspension mounts 

(left side towards 

blast source) 

Combined-compression explosive 

column (explosives) 

61.00 0 

Skotak, et al. Prone position, 

attached to bed 

Helium-driven shock tube 130.00 0 

  190.00 30% 

  230.00 0 

  250.00 24% 

  290.00 100% 

Chavko, et al. side exposed compressed-air driven shock tube 165.00 35% 

Chavko, et al. side exposed compressed-air driven shock tube 120.00 10% 

Gorbunov, et al. side exposed compressed-air driven shock tube 118.00 8% 

Gorbunov, et al. side exposed compressed-air driven shock tube 118.00 25% 

Gorbunov, et al. side exposed compressed-air driven shock tube 86.00 0% 

side exposed compressed-air driven shock tube 112.00 0% 

Seitz, et al. supine position, 

thorax 

compressed-air driven shock tube 76.00 10% 

supine position, 

thorax 

compressed-air driven shock tube 76.00 10% 

Flierl, et al. Thorax compressed-air driven shock tube 73.00 5% 

Elsayed, et al. side exposed compressed-air driven shock tube 62.00 0% 

Elsayed, et al. side exposed compressed-air driven shock tube 62.00 0% 
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  136.00 0% 

Bauman, et al. side exposed compressed-air driven shock tube 129.00 50% 

  83.00 0% 

Gorbunov, et al. side exposed compressed-air driven shock tube 62.00 0% 

 

 

2.3 Methods 

2.3.1 Animal Procedures and Blast Overpressure Exposure 

The Virginia Tech Institutional Animal Care and Use Committee approved experimental 

protocols described herein. Prior to all experiments, male Sprague Dawley rats (~325 g, ~3 

months old, Harlan Labs, San Diego) were acclimated to a 12 hour light/dark cycle with food 

and water provided ad lib. Male rats at this age were selected for easy comparison to other blast 

injury rodent models. Animals (n=26) were exposed to a single incident pressure profile 

resembling a ‘free-field’ blast exposure within the 130 to 190 kPa range, selected according to 

literature values for rodent lethality from PBLI.  

Prior to blast exposure, rats were anesthetized with a ketamine/xylazine solution, in 

accordance with the rodent weight, to have sedation over the entire time point of one hour. The 

shock front and blast overpressure were generated by a custom-built ABS with an end wave 

eliminator (ORA Inc. Fredericksburg, VA) located at Center for Injury Biomechanics of Virginia 

Polytechnic Institute and State University (Hockey et al. 2013). The driver and test section were 

separated by acetate membrane, which creates the blast wave upon burst. Contrary to other blast 

simulators, the Advanced Blast Simulator has an end wave eliminator attached to the test section 

that diffuses the shock wave, ensuring the animal is only exposed once to the wave. A peak static 

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

Cleveland, OH) that were varied to produce a range of BOP. Pressure measurements were 

collected at 250 kHz using a Dash 8HF data acquisition system (Astro-Med, Inc, West Warwick, 

RI) and shockwave profiles were verified to maintain consistent exposure pressures between 

subjects. Peak overpressures were calculated by determining wave speed (m/s) at specimen 

position. A mesh sling was used to hold the animal during the exposure that allowed for minimal 

hindrance of the wave through the tube in addition to holding the animal in a prone position with 
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the right side of the thorax facing the shock wave driver. Peak overpressure is followed by an 

exponential decay (2.5 ms positive duration) and a short negative phase. A representative blast 

wave profile is seen at the bottom (170 kPa). 

 

Figure 9. (Top) Advanced Blast Simulator. (Bottom) Representative Blast Wave Profile 

After the blast exposure, animals were removed, returned to a warm pad and injected 

with sterile phosphate buffered saline (500 microliters (µls)) via tail vein injection, crucial for 

simulating any post-exposure injection. All large organs were immediately collected in animals 

that did not survive the blast exposure. Animals that survived the one-hour time assessment were 

sacrificed by transcardial perfusion with ice-cold phosphate buffered saline (PBS) and 4% 

paraformaldehyde. 

2.3.2 Lung Injury Severity 

Examining macroscopic images of the lungs after blast gives insight into mechanism of 

lung contusion after sustaining blast exposure to the thorax. Imaging of the lungs occurred 

immediately after removal from the specimen. Macroscopic damage and gross characteristics 
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were noted to determine any landmarks associated with increased peak overpressure and to 

investigate if specific injury patterns could be determined. 

 

2.3.3 Lung Histology 

After collection, lungs were stored in a 4% paraformaldehyde fixative solution. After 48 

hours in fixative, the lungs were placed in 30% sucrose solution for tissue sectioning preparation.  

Lungs were separated into cassettes with each lobe isolated for analysis.  Samples were then cut 

(8 micrometers (µm)) and stained with hematoxylin and eosin (H&E) to predict injury extent. 

Images were taken of three regions of interest in each lung tissue section at 10X magnification 

(Zeiss AxioCam ICc 1). These three images were converted to black and white and optical 

density readings were collected in order to determine the level of hemorrhaging in the lung tissue 

using Image J software (NIH, Bethesda, MD). Global assessment of all lobes was done to show 

internal hemorrhage after blast compared to sham. 

 

2.3.4 Statistical Analysis 

A one-variable linear logistic regression was performed on the experimental data 

obtained in this study in terms of static overpressure (SOP). Even though it has been suggested 

that a non-linear form is needed for short-duration blasts, using unscaled rodent tests and a 

consistent method of BOP stimulus (shock tube) provides for linear analysis (Bass et al. 2008). 

The model in equation form is: 

Equation 6. Lethality Risk Logistic Regression 

𝐴 = 1
(1 + exp(𝛽0 + 𝛽1 ∗ 𝑆𝑂𝑃))⁄  

where A is the probability of lethality, SOP is the static overpressure, and parameters β0 and β1 

are calculated and optimized. Logistic regression was completed using Matlab (Version R2012a, 

MathWorks, Natick, MA).  

The model was assessed using the C-statistic or the area under the receiver operating 

characteristic curve, which compares sensitivity to (1-specificity) of the data obtained. Analysis 
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was done similarly to other computations on lethality risk (Bass et al. 2008). Statistical analysis 

of the coefficients was also performed in Matlab examining contribution to the model. Microsoft 

Excel was used to calculate a linear fit (R2) of the histological results. 

2.4 Results 

2.4.1 Lung Injury – Gross Observations 

It was observed that the median lobe in all animals demonstrated noticeable macroscopic 

hemorrhaging.  With increased overpressure magnitude, there was an increase in the number of 

lung lobes that were affected and appeared hemorrhaged. Figure 10 provides examples of 

macroscopic lung images. The images correspond to increasing level of BOP: A -156 kPa, B – 

162 kPa, C – 180 kPa, D -182 kPa, and E - sham (0 kPa). 

 

Figure 10. Macroscopic Images of Lungs Post-Blast 

Results are consistent with other studies testing effects of blast peak pressure on lung injury 

severity (Skotak et al. 2013). 

Marking of contusion against rib cage in the left lung were seen in blast exposure to right 

side of animal (Figure 11). This is reportedly due to decompression of the lungs against the rib 

cage during the negative phase of the blast wave. Traditional explanation of “rib markings” is 

now believed to be intercostal space markings (Clemedson 1950). It was also reported that these 

markings are not of hemorrhage but consist on collapsed alveoli (Fung 1985).  
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Figure 11. "Rib markings" after blast exposure directed to the thorax. 

Another frequent finding was that a large hemorrhage was sustained on the left lobe and 

accompanied by contusion along the edge of all right lobes, especially the middle and lower 

lobes (Figure 12). Similar findings were reported as overpressure levels increased in a rat model 

of blast polytrauma (Skotak et al. 2013). 

 

Figure 12. Lung contusion after blast exposure around 195 kPa static overpressure.  
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2.4.2 Internal Hemorrhage – One Hour Outcomes 

Animals given varied degrees of BOP were analyzed and grouped according to outcome 

(survival and non-survival). The bronchiole in Figure 13-A2 is filled with blood indicated severe 

hemorrhaging and possible hemothorax. 

 

Figure 13. (A) H&E Staining of the Median Lobe Post-Blast. (B) Integrated Intensity/Area vs. Peak 

BOP 

In Figure 13, images 1 and 3 were taken from an animal in a lower pressure group (130 

kPa) that remained alive following the blast.  Images 2 and 4 were from an animal in a higher 

pressure group (175 kPa) which died within the one hour time frame following blast. Integrated 
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intensity normalized to the area of the image was used to characterize the amount of bleeding 

within the median lobe. 

 

Figure 14. Sham vs. Blast for global hemorrhaging in all lung lobes. *p<0.05 

Assessing three sections of each lobe (five) in rats with and without side-on blast 

exposure, H&E staining is significantly different in the Injury Only group at one hour compared 

to sham (Figure 14).  

2.4.3 Lethality Risk for Blast Lung Injury 
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Figure 15. (A) Probability of Lethality vs. Peak BOP - Experimental Results. (B) Comparison from the 

Literature 

The value for the parameters were: β0 = -29.82 and β1 = 0.178 and the p-value to 

determine the contribution of each parameter is 0.018 and 0.0178, respectively. The value for 

area under the curve (AUC) was 0.951 for the experimental data, which is considered a strong 

representation, and was 0.95 for the literature data. 

2.5 Discussion 

Examining the mechanism of lung injury from blast exposure is useful in determining 

causes of mortality, namely hypoxia. Inability to prevent hemorrhaging in the lungs causes 

immediate mortality after the blast. Injury can often be caused by blunt impact with the rib cage 

or rapid compression/decompression of lung tissue (Clemedson 1956, Sasser et al. 2006). It is 

speculated that orientation of the body to the blast wave played a significant role in this injury 

progression, and BOP exposure directed towards the sternum of the rat would have a different 

cascade of macroscopic trauma. Examining macroscopic lung trauma showed that the median 

lobe was progressively injured as peak BOP was increased, while other lobes, such as the upper 

right lobe and the left lobe, sustain external trauma as peak BOP reaches higher levels (Figure 

10). Continuing with the observation that the middle lobe on the right side was increasingly 

affected by overpressure, it was also observed that histological analysis of this median lobe 

showed a linear increase of hemorrhaging compared to peak BOP. The H&E results coincide 

with macroscopic observations, while also providing a basis for further detailed studies on 

microscopic injury progression. Macroscopic and histological findings in this study resembled 

clinical symptoms seen in the human PBLI, such as hemothorax, pulmonary contusion, and 

interstitial emphysema (Mackenzie and Tunnicliffe 2011). 

Injury severity can be portrayed in a variety of ways, one being lethality prevalence. 

According to previous studies, the span of 140 kPa to 180 kPa side exposure in rats marks the 

transition from moderate to severe PBLI, which corresponds to the entire range of lethality 

probability in the risk curve (Figure 15). The fifty percent lethality point is 168 kPa according to 

the developed risk curve with the ten percent lethality point at 155 kPa and the ninety percent 

lethality point at 180 kPa, so there is an operating range of 25 kPa between these marks. 

Orientation to the shock front of the blast wave is crucial in examining the mechanism of injury 
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to the lungs. In Figure 15, there are some discrepancies in the threshold for injury in comparison 

to other researchers. This was to be expected since a variety of methods are used. In this study, 

the duration of the blast wave had a linear correlation with peak overpressure. With a standard 

primary blast wave that has consistency and obeys the general tendencies of a Friedlander 

waveform, duration is a function of the peak overpressure. Since these go hand-in-hand, there 

was not any examination of lethality risk based on duration and/or impulse. When creating a 

threshold for blast injuries, it is important to know the parameters that are crucial for creating the 

injury. In all studies concerning this injury mode, peak overpressure had the strongest correlation 

with the survival outcome. 

2.6 Conclusions 

Lethality risk curves will serve to give guidance for further lung injury treatment studies. 

Also, observations on the development of gross trauma to lungs as corresponding to peak BOP 

could have implications to the response of larger specimens. Even though many experiments 

have pinpointed several markers associated with PBLI, there is a vast amount of effort that is 

needed to fully characterize the injury, as well as to develop therapeutics to combat sustained 

symptoms after initial trauma. Having a standard lethality risk curve is crucial for constancy 

among blast research and will be beneficial to all mechanistic or treatment-oriented blast-induced 

lung injury studies. 

2.7 Limitations and Future Directions 

The polytrauma model was characterized to provide static overpressure ranges for certain 

lethality risks. While the establishment of a unique injury model will provide a basic framework 

for other polytrauma model experiments or pre-clinical therapeutic testing, there are limitations 

that can be addressed by future studies. The model proposed has the animal in a side impact 

orientation with the shock front impacting the animal’s right side. While this is a relevant injury 

modality to blast exposure in soldiers, more investigation is needed to examine how different 

orientations (exposure to animal’s left side or front thorax) effect lethality risk. In addition to 

orientation, inhalation/exhalation status can also have an effect on lethality during blast exposure 

but this was not controlled in this study. The status can potentially play a large role in amount of 

hemorrhaging sustained, given that during inhalation more air can be trapped in the lungs 

causing more damage. While ventilation is not possible with our blast simulator set-up, the high 
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n in each group should ensure similar injury patterns for each blast level. Also, to fully 

characterize the acute systemic effects of lung trauma, evaluating serum biomarkers within the 

first hour is crucial to understanding specific biological mechanism that are at play. Another way 

to assess global hemorrhage is the measure wet/dry ratios of the lungs after blast. 
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Chapter 3: Secondary Mechanisms of Blast Polytrauma 

3.1 Introduction 

The objective was to assess the role of hypoxia and systemic injury mechanisms in blast-

induced polytrauma. Among mechanisms that have the potential to play a role in polytrauma, 

downstream neurological regulators of hypoxia and BBB disruption are of interest in this study. 

Hypoxia likely contributes to the injury progression after primary blast exposure when 

impairment of the pulmonary gas exchange in the lung has occurred, resulting in secondary 

effects on cerebral vasculature (DeWitt and Prough 2009, Kirkman and Watts 2011). Primary 

blast can also cause BBB disruption which can lead to a myriad of molecular cascades 

(Chodobski et al. 2011). This cyclical relationship is elucidated with the finding that BBB 

disruption is biphasic, occurring at multiple time points after injury (Baskaya et al. 1997). 

3.1.1 Statement of Problem 

As polytrauma is increasing in prevalence due to terrorism activities, there has been a 

lack of characterizing the neuropathological aspects of blast polytrauma. Understanding specific 

mechanisms in this unique injury mode can impact the approach to treating polytrauma. While 

polytraumatic injury can be complex, the time course of systemic inflammation and other 

systemic effects on the brain can be crucial to therapeutic intervention and pre-hospital 

management. Examining markers that are found in isolated BINT can help correlate to 

neurotrauma sustained after polytrauma but this is only one layer to this complex trauma. 

Examining how systemic pathology after lung injury impacts neuropathology is crucial to 

understanding mechanisms of blast-induced polytrauma. 

3.1.2 Significance 

Even though hypoxia inducible factor-1α (HIF-1α) has been shown to play a role in TBI 

and cerebral ischemia, few studies have examined its role after BINT and it has not been 

investigated in relation to BPT (Ahmed et al. 2015, Liu et al. 2015). HIF-1α, the oxygen 

sensitive unit of HIF-1, is a mediator of disruption of the BBB and has been shown to have 

detrimental effects on injury pathology in the brain (Ogunshola and Al-Ahmad 2012). This 

injury pathway in the amygdala can potentially lead to neurologic impairment, such as anxiety 

(Sajja et al. 2015). Characterizing the role of secondary markers in BPT pathology would 
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contribute to understanding of injury pathways, such as BBB dysfunction and lead to novel 

therapeutic options.  

3.2 Literature Review 

3.2.1 Polytrauma Models 

Small animals models designed for investigation of lung injury and neurotrauma 

sustained from blast exposure are scarce in the literature (Skotak et al. 2013). Primary blast 

exposure has been correlated with varying TBI injury severities (Mishra et al. 2016). This model 

includes consideration for physiological and lung injury criteria. There is a lack of identifiable 

polytraumatic-specific injury markers. Blood-brain barrier damage, signified by immunoglobulin 

G (IgG), has been characterized in blast trauma but exact mechanisms have not been elucidated 

(Skotak et al. 2013). In a lateral exposure to unanesthetized rodents, pulmonary hemorrhage was 

reported after 116 kPa exposure in addition to motor function impairment and absence of axonal 

injury (Ahlers et al. 2012). 

Another blast polytrauma model was created by exposing the animal to blast wave 

directed at the thorax (Simard et al. 2014). This model relies on the “vascular pulse” blast injury 

mechanism where blast overpressure causes pressure differentials in vasculature and produces a 

wave to the cerebrovasculature. Lung injury and perivenular neuroinflammation was found in 

this study (Simard et al. 2014), highlighting the importance of systemic circulation in 

polytrauma. 

3.2.2 Secondary Mechanisms of Polytrauma 

In addition to blood-brain barrier damage that occurs during polytrauma, hypoxic 

conditions are ever present when lung injury has occurred. HIF-1α is a transcription factor that is 

involved in several injury modalities where hypoxia occurs, including TBI (Li et al. 2013). HIFs 

are heterodimeric transcription factors composed of an oxygen-sensitive α-subunit and a 

constitutively expressed β-subunit. Under normoxia, the HIF-1α subunit is constitutively 

transcribed but constantly targeted degradation through hydroxylation of conserved proline 

residues by prolyl hydroxylase domain (PHD) enzymes leading to recognition by von Hippel-

Lindau (VHL) protein, ubiquitination and subsequent degradation by proteasome (Fandrey and 

Gassmann 2009). As oxygen tension drops, the PHD enzymes are inhibited and the lack of 
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hydroxylation results in cytoplasmic stabilization of the α-subunits. After phosphorylation, HIF-

1α translocates to the nucleus and dimerizes with HIF-1β (also known as aryl hydrocarbon 

receptor nuclear translocator (ARNT)) and co-activators such as p300 forming a functional HIF-

1 transcription factor. HIF-1 then binds to hypoxia-responsive elements in the promoter regions 

of its many targets inducing expression of genes involved in cellular adaptation to hypoxic stress 

by regulating erythropoiesis, angiogenesis, proliferation and cellular metabolism in order to 

reduce oxygen consumption and increase oxygen delivery to tissues (Engelhardt et al. 2014). 

 

Figure 16. Schematic Diagram Illustrating the Mechanism of HIF-1 Regulation Under Normoxic and 

Hypoxic Conditions (Engelhardt et al. 2014). Engelhardt, S., S. Patkar and O. O. Ogunshola (2014). 

"Cell-specific blood-brain barrier regulation in health and disease: a focus on hypoxia." Br J 

Pharmacol 171(5): 1210-1230. *Fair use 

Delayed opening of the BBB, that is, only after HIF-1α was already stabilized, suggested 

barrier stability is mediated via one or more HIF-1α effectors (Engelhardt et al. 2014). Vascular 

endothelial growth factor (VEGF), a downstream factor, can cause a leaky BBB (Engelhardt et 

al. 2014). Inhibition of HIF-1α has been reported to reduce BBB damage and improve recovery 

from cerebral ischemia in rats (Yeh et al. 2007, Ogunshola and Al-Ahmad 2012), possibly by 

reducing levels of VEGF, and attenuating the expression of caspase-3 and p53, which are key 

molecules in the apoptosis pathway (Chen et al. 2009). Mild TBI rat models have reported 

increased levels of VEGF were seen five days post-injury in the amygdala (Kamnaksh et al. 



36 

 

2011). Overall, BBB disruption is based on many factors during and after hypoxia with enhanced 

production of VEGF and inflammatory cytokines constituting on-going pathways (Kaur and 

Ling 2008). 

3.3 Methods 

3.3.1 Experimental Set-ups 

3.3.1.1 Mild Neurotrauma Injury 

All the experiments are in accordance with The Virginia Tech Institutional Animal Care 

and Use Committee and all the experimental protocols described herein have been approved. 

Prior to all experiments, male Sprague Dawley rats (~325 g, Harlan Labs, San Diego) were 

acclimated to a 12 hour light/dark cycle with food and water provided ad lib. As described 

previously, the shock front and dynamic overpressure were generated using a custom-built 

Advanced Blast Simulator (200 cm × 30.48 cm × 30.48 cm) that consists of a driving 

compression chamber attached to a rectangular transition and testing chamber with an end wave 

eliminator (ORA Inc. Fredericksburg, VA) located at the Center for Injury Biomechanics of 

Virginia Tech University. A passive end-wave eliminator was installed at the venting end of the 

ABS, which minimizes the shock wave outflow by means of a specially designed plate system. 

Patterns in the EWE plate system were created to mirror reflected shocks and rarefactions, which 

tend to ‘cancel’ each other and diminish unwanted effects within the test section. A peak static 

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

Plastics, Cleveland, OH). Pressure measurements were collected at 250 kHz using a Dash 8HF 

data acquisition system (Astro-Med, Inc, West Warwick, RI) and peak overpressures were 

calculated by determining wave speed (m/s) at the specimen position. A mesh sling was used to 

hold the animal during the exposure that allowed for minimal hindrance of the wave through the 

chamber and shock wave profiles were verified to maintain consistent exposure pressures 

between subjects. The animals were anesthetized with 3% isoflurane before being placed in a 

rostral cephalic orientation towards the shock wave. Whole body exposure is considered “on-

axis” with the animal facing rostral cephalic orientation towards the blast. This exposure has 

minimal effect on the lungs of the animals, as the shock streamlines around the body. Thus, 

resulting exposure in this study creates a relatively specific brain injury and minimal poly-organ 

trauma. Animals were randomly separated into two groups based on time points (n = 8/group). 
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Two groups were euthanized seven days following blast or control. Blast groups were exposed to 

a single incident pressure profile resembling a ‘free-field’ blast exposure, single Friedlander-like 

waveform that is in mild-moderate range at 17 psi (117 kPa) with a positive duration of 2.5 ms, 

while the control groups underwent same procedures with the exception of blast exposure.  

3.3.1.2 Polytrauma Injury 

The Virginia Tech Institutional Animal Care and Use Committee approved experimental 

protocols described herein. Prior to all experiments, male Sprague Dawley rats (~325 g, Harlan 

Labs, San Diego) were acclimated to a 12 hour light/dark cycle with food and water provided ad 

lib. Animals were exposed to a single incident pressure profile resembling a ‘free-field’ blast 

exposure at a range of 170 to 210 kPa (24.5 to 30.5 psi) peak overpressure with 2.5 ms positive 

phase duration to ensure severe levels of PBLI.  

Using the following settings, necessary sample size was calculated: Power (1-β) ≥ 0.8; α 

≤ 0.05; Groups: 2; Minimum detectable difference in means (d) = 15%; Expected standard 

deviation (s) = 12%. Using power and α values, C = 7.85. 

 𝑛 = 1 + 2𝐶(
𝑠

𝑑
)2 = 1 + 2(7.85)(

.12

.15
)2 =11.05. (Dell, Holleran; 2002) 

Power Analysis determined that 11-13 animals per group were needed.  

All animals were randomly assigned to one of two groups: Blast Injury (n=13) and Sham 

(n=11). Prior to blast exposure, rats were anesthetized with a ketamine/xylazine solution, in 

accordance with the rodent weight, for sedation during blast. The shock front and blast 

overpressure were generated by a custom-built ABS with an end-wave eliminator (ORA Inc. 

Fredericksburg, VA) located at the Center for Injury Biomechanics at Virginia Tech (Figure 9). 

The ABS consists of a driving compression chamber attached to rectangular test section chamber 

with an end-wave eliminator.  

A peak static overpressure was produced with compressed helium and calibrated acetate 

sheets (Grafix Plastics, Cleveland, OH). Pressure measurements were collected at 250 kHz using 

a Dash 8HF data acquisition system (Astro-Med, Inc, West Warwick, RI) and peak overpressures 

were calculated by determining wave speed (m/s) at the specimen position. A mesh sling was 

used to hold the animal during the exposure that allowed for minimal hindrance of the wave 
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through the tube, in addition to holding the animal in a prone position with the right side of the 

thorax facing the shock wave driver. The animal was not allowed to impact any solid surface in 

order to prevent secondary injuries and this was confirmed using high-speed video (Phantom 

Miro eX2, Vision Research). Motion analysis is found in Appendix A. Sham animals underwent 

all procedures except for blast exposure. 

3.3.2 Open Field Test 

Seven days post-injury, used for examining subacute changes, animals underwent an 

open field thigmotaxis assessment (Huang et al. 2013, Darwish et al. 2014). Briefly, an opaque 

black acrylic box with dimensions 80 x 80 x 36 cm was used for the task. Animals were 

acclimated in the open field box before the injury and two days after injury. The acclimation 

ensures that any anxiety-like traits would be due to the blast and subsequent injury progression. 

Activity changes were detected using EthoVision XT™ software tracking. Thigmotaxia, 

preference of proximity to walls, can expose fear of open, lit spaces and is displayed in animals 

with anxiety. Time spent along the chamber wall reflects an increased level of anxiety and is a 

common method of determining anxiety levels (Darwish et al. 2014). Rats were videotaped for 

five minutes and avoidance of center square activity (i.e. anxiety-related behavior) was measured 

by determining the amount of time and frequency of entries into the central portion of the open 

field. 

 

Figure 17. Representation of the Open Field Arena 

3.3.3 Tissue Processing 

After seven days, animals were euthanized by transcardial perfusion of saline and 4% 

paraformaldehyde. Following collection, brains were stored in a 4% paraformaldehyde fixative 

solution. After 48 hours in fixative, the whole brains were placed in 30% sucrose solution for 
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tissue sectioning preparation.  Whole brains were embedded in Tissue-Tek® optimal cutting 

temperature embedding medium (Sakura Finetek USA, Inc., Torrance, CA) for cryostat 

processing in the coronal plane. Samples were then cut (40 µm) and sections containing 

amygdala nuclei were isolated (Bregma: -2.28 mm). 

 

Figure 18. Amygdalar Representative Section (Paxinos 2006) Paxinos, G. a. W., C. (2006). "The rat 

brain in stereotaxic coordinates." Elsevier 6th edition. *Fair Use. 

3.3.4 Immunofluorescent Staining 

Immunohistochemistry was performed on amygdalar sections to evaluate levels of 

markers: glial fibrillary acidic protein (GFAP), Caspase-3, ionized calcium-binding adaptor 

molecule 1 (IBA-1), SMI-71, HIF-1α, and VEGF. SMI-71 is an established antibody against rat 

endothelial barrier antigen (Lin and Ginsberg 2000, Pelz et al. 2013). Samples were rinsed three 

times with PBS and incubated in 2% bovine serum albumin (BSA) in PBS for one hour at room 

temperature. Sections were then incubated with a primary antibody (Appendix C); anti-GFAP 

(1:500; Invitrogen, Carlsbad, California), anti-caspase-3 (1:500; Cell Signaling Technologies, 

Danvers, Massachusetts), anti-IBA-1 (1:500; Biocare Medical, Concord, California), anti-SMI-

71 (1:250; Covance, Princeton, New Jersey), anti-HIF-1α (1:250; Novus Biologicals, Littleton, 

Colorado), or anti-VEGF (1:250; Santa Cruz, Dallas, Texas) overnight at 4ºC. Both primary 

antibodies were only labeled separately on different amygdalar sections. After a PBS wash, the 

samples were incubated for 1.5 hours with fluorescein isothiocyanate (FITC) anti-rat, Alexa 

Fluor 555 anti-rabbit, Alexa Fluor 488 anti-mouse or Alexa Fluor 594 anti-mouse. After three 

PBS washes (five minutes each), samples were mounted, air dried and coverslipped with prolong 

antifade gold reagent with 4’,6-diamidino-2-phenylindole (DAPI; Invitrogen, Carlsbad, CA). 
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Sections were examined under Zeiss fluorescence microscope at 20X magnification under 

appropriate fluorescent filters and images were taken by Zeiss AxioCam ICc 1. For all images, 

quantification (ImageJ software; NIH, Bethesda, MD) was based on fluorescence intensity after 

thresholding to eliminate background color.       

3.3.5 Flurojade C Protocol 

Sections of the amygdala were stained with Fluorojade-C (FJC) to identify degenerating 

neurons. This was completed with a kit from Biosensis (Thebarton, South Australia).Tissue 

sections were mounted on gelatin coated slides and dried. They were then incubated in the 

solution of NaOH (Solution A) in 70% ethanol for five minutes. The sections were then 

transferred to 70% ethanol and distilled water for two minutes each. The sections were then 

incubated in a solution of potassium permanganate (Solution B) in distilled water and rinsed in 

distilled water. They were then incubated in a solution of FJC (Solution C) and DAPI (Solution 

D) in distilled water. Sections were then rinsed in distilled water thrice, air-dried, and placed on 

slide warmer until fully dry. The dry slides were cleared in xylene and mounted with DPX 

(Sigma-Aldrich Co. Ltd, St. Louis, MO). Sections were examined at 20X on a Zeiss microscope, 

and analysis was conducted. FJC+ neurons were counted by blinded technicians and the results 

were quantified. 

3.3.6 Detailed ImageJ Analysis 

Image analysis consisted of several steps. First, the image was split into three different 

color channels: red, green, and blue. Depending on what secondary antibody was used (red or 

green), that color channel was chosen for further analysis. The background was subtracted using 

a rolling ball radius of twenty pixels.  

When quantification of cell types (astrocytes and microglia) is performed, the ImageJ 

output variable used was the mean pixel value. This is simply used to stand for the overall 

fluorescent intensity of an image and divide it by the number of pixels in that image. In a sense, 

the output number is the average fluorescent intensity per pixel (a number between 0 and 255). 

The neuroglia stains are quantified in this manner, since these cell types can be activated or not.  

When quantification is based on presence of a protein (SMI-71 and HIF-1α), the ImageJ 

output variable used was percent area. A threshold was then applied to the image, which teased 
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out the relevant signal from the left-over background. After processing each image, the output 

variable of “Percent Area” gives an indication of the amounts of pixels with signal divided by the 

total amount of pixels. For SMI-71, two images were taken at 20X for each hemisphere for each 

tissue section analyzed (three per animal).  

3.3.7 Statistical Analysis 

Statistical differences between the treatment groups were assessed with analysis of 

variance, or ANOVA, using LSD post-hoc test. All statistical analysis was performed using JMP 

Pro 10 (SAS Institute, Cary, NC) and p < 0.05 considered statistically significant. Unless 

indicated otherwise, data are presented as mean ± standard error of the mean, or SEM. 

 

3.4 Results 

3.4.1 Anxiety Assessment 
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Figure 19. Fraction of time spent at the walls of the open arena was significantly higher in the 195 kPa 

BPT group compared to sham (p<0.05). Representative images show animal tracking over five 

minutes. 

The fraction of time spent at the walls of the open field box for the blast injury group was 

significantly increased (p<0.02) compared to sham (Figure 19). Representative image of animal 

activity over the five minute period in the open arena demonstrates global exploration by the 

sham group and proximity to the walls in the BPT group (Figure 19). This display of anxiety-like 

behavior in the blast group could be the neurological manifestation of injury pathology.  

Sham 195 kPa 
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3.4.2 Astrocyte Activation 

 

 

Figure 20. Representative images show reactive glia present seven days after blast in the 195 kPa 

group. GFAP expression, examining astrocytosis, was significantly different in the 195 kPa BPT group 

compared to sham (p<0.05).  

While only slight elevation in seen in the 117 kPa group (n=6) compared to sham, the 

195 kPa BPT group is significantly different compared to sham (Figure 20). Images show similar 
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number of astrocytes in all groups but more GFAP expression and swelled processes in the BPT 

group. 

3.4.3 Apoptosis 

 

 

Figure 21. Representative images show higher number of cells undergoing apoptosis in the 117 and 

195 kPa blast groups. Cleaved Caspase-3 expression was significantly different in the 195 kPa BPT 

compared to the sham group (p<0.05).  
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Expression of cleaved caspase-3, indicative of apoptosis, was elevated in both blast 

groups, although only significantly different in the BPT 195 kPa group (Figure 21). Amygdalar 

images show much higher number of apoptotic cells in the blast groups compared to sham. 

3.4.4 Microglia Activation 

 

 

 

 

Figure 22. Images show similar counts of microglia. IBA-1 expression, marking microglia, in the 

amygdala. Among all groups, there was no significant difference.  
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Although there is no significant difference between the 195 kPa BPT group and sham, 

there is slight elevation in IBA-1 expression in the 195 kPa group compared to sham (Figure 22).  

3.4.5 Blood-brain Barrier Disruption 

 

 

 

Figure 23. Representative images show lower number of vessels with EBA (BBB competent) in the 195 

kPa BPT group. SMI-71 average fluorescence and marking of EBA+ vessels both show significant 

difference in the 195 kPa BPT group compared to sham (p<0.05).  
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The expression of SMI-71 was decreased in the blast injury group, which has been shown 

previously to signify a compromised BBB (Westin et al. 2006), compared to the sham group (p-

value < 0.001). This antibody binds to EBA, which is not present in vessels with BBB disruption 

(Pelz et al. 2013). Figure 23 depicts the decreased staining found within the injury group 

compared to sham, due to decrease vessel count with EBA expressed.  

3.4.6 HIF-1α Expression 
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Figure 24. Representative images show HIF-1α expressed in more cells in the 195 kPa group. HIF-1α 

expression in the amygdala. There was significant difference (p<0.05) between the 195 kPa BPT group 

and the sham group.  

 

Figure 25. HIF-1α is co-localized with DAPI around the vessels in the 195 kPa group. 

For the blast injury group, HIF-1α expression was increased in the amygdala at seven 

days post-blast compared to the sham group (Figure 24). All analysis only examined protein 

expression. In Figure 25, HIF-1α is co-localized with DAPI around major vessels, showing that 

hypoxia is potentially being sensed first due to low blood oxygen concentration and this could be 

an on-going mechanism. 
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3.4.7 VEGF Expression 

 

 

Figure 26. VEGF Expression in the amygdala. The 195 kPa BPT injury was elevated although not 

statistically different compared to sham (p=0.064). Representative Images of VEGF expression in the 

amygdala. 

Expression of VEGF was elevated though not statistically different in the 195 kPa group 

compared to sham (Figure 26). 
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3.4.8 FJC+ Neuronal Count  

 

Figure 27. FJC+ Neuronal count was elevated, although not significantly different at seven days post-

blast. Image depicts amygdala from the 195 kPa BPT group with abundant FJC+ neurons, though this 

was not common. 

FJC+ neuronal count was not statistically different compared to sham at seven days post-

blast (Figure 27). 
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3.5 Discussion 

The polytrauma injury model established in this chapter has neuropathology unique 

compared to the mild neurotrauma model. While there is some overlapping pathology between 

the injury models assessed in this chapter, injury markers in general are exacerbated in the 

polytrauma model. Elevated GFAP expression and cleaved caspase-3 have been reported over 

the course of multiple time points after blast in the amygdala (Kamnaksh et al. 2011, VandeVord 

et al. 2012). Higher expression of GFAP and cleaved caspase-3 in the 195 kPa BPT model shows 

that there is more astroglial reactivity and apoptosis with higher injury severity. While 

differences in IBA-1 are not seen in this model, activation-specific antibodies, such as CD68 or 

CD11b, could be investigated to assay microglia activation after BPT. IBA-1, which is involved 

in phagocytosis and actin reorganization in microglia, is constitutively expressed in microglia 

and is elevated when microglia are activated but an antibody, like CD68, would be more 

sensitive as it has a distinct role in phagocytosis during the activation process. There is a 

potential that microglia at seven days post-blast are in a retracted process activation state (Huber 

et al. 2016) and this morphology would be difficult to quantify with IBA-1. 

A major finding was that BBB disruption, highlighted by a reduction in EBA+ vessels at 

seven day post-injury, plays a distinct role in BPT injury pathology. Disruption of the BBB is a 

common finding in models of polytrauma but the exact mechanisms have not been deduced 

(Skotak et al. 2013, Simard et al. 2014, Mishra et al. 2016). This could be a crucial upstream 

event in an on-going injury cascade, involving hypoxia indicator and BBB disruption (Figure 

28). Even though no significant difference was found between VEGF staining in blast 

polytrauma compared to sham, this factor could still play a role in the pathology at different time 

points. The role of VEGF, a downstream factor in injury cascades, in BBB disruption has been 

established in models of brain injury (Okada et al. 1998, Skold et al. 2005). Elevated VEGF 

levels have been reported in the amygdala at seven days after blast exposure (Kamnaksh et al. 

2011). As VEGF is a potential downstream marker after HIF-1α presence, it is possible that 

VEGF is expressed either before or after the seven day time point. After multiple blast exposure, 

VEGF levels in plasma were upregulated at two hours after multiple injuries but not at 22 days 

post-injury (Kamnaksh et al. 2012). In a repeated mild blast TBI model, long lasting (42 days 

post-injury) elevated levels of HIF-1α and VEGF in plasma were reported and due to hypoxia at 

time of injury (Ahmed et al. 2013). HIF-1α has been shown to play a distinct role in apoptosis 
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and BBB disruption after TBI in several models (Higashida et al. 2011, Li et al. 2013). Acute 

presentation of hypoxic factors would validate the findings of secondary mechanisms that are at 

play seven days post-blast. More studies need to be completed to fill in these knowledge gaps. 

Although the majority of the BPT amygdalar sections did not express high levels of FJC+ 

neurons, a few animals had aberrant levels of FJC+ neurons (Figure 27). FJB+ neuronal levels 

have been reported inconsistently in models after blast (3-14 days) (de Lanerolle et al. 2011, Li 

et al. 2013, Sajja et al. 2015). Neurodegeneration at seven days after blast polytrauma could be in 

the late stage but is not seen as a consistent finding in this study. More studies will be needed to 

determine chronic emergence of pathology. 

 

Figure 28. Speculated Blast-induced Pathology Diagram 

The mechanics of how primary blast exposure specifically injures the brain, usually in an 

inhomogeneous way, is poorly understood and is likely to be dependent upon orientation to the 

blast. Some studies speculate that vascular surge, or venous pressure pulse that is transmitted to 

the brain through the jugular veins after blast exposure to the thorax, is the main mechanism of 

blast-induced brain injury (Bauman et al. 2009, Simard et al. 2014). While this may play a role, 

extensive evidence has been provided that skull dynamics contributes to the injury (Bolander et 
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al. 2011, Leonardi et al. 2011, Dal Cengio Leonardi et al. 2012, Hampton and VandeVord 2012, 

Gean 2014). Vibration of the skull from the shock wave causes secondary brain tissue 

displacement and injury stems from susceptibility of the viscoelastic brain to shear forces (Moss 

et al. 2009, Bolander et al. 2011, Leonardi et al. 2011). Other potential mechanisms of blast wave 

transmission to the brain include overpressure entering the orifices of the skull, acceleration of 

the head, and impaired cerebrovascular reactivity (Cockerham et al. 2009, Svetlov et al. 2010, 

Alford et al. 2011, Abdul-Muneer et al. 2013, Gullotti et al. 2014).The neuroanatomical position 

of the amygdala inside the rat brain makes it susceptible to skull flexure injury of the ventral side 

of the skull due to high static overpressure. This model could be utilized to further investigate 

which mechanisms play the most important role in blast transmission to the brain, as likely it is a 

combination of several factors that induce injury. Isolating blast exposure to either the thorax or 

the head is difficult due to animal positioning inside the tube and any rigid fixture to shield a 

portion of the body could likely create injury unrepresentative of primary blast. 

The mechanism in which the energy of the blast wave interacts with the skull and the 

resultant high speed compression interfaces with brain tissues of varying properties, e.g. density, 

is not fully understood. One hypothesis mentioned in Kuehn, et al. (Kuehn et al. 2011) is that the 

exhaustion of energy at density boundaries can cause injury in tissue. Multiple studies have 

confirmed that microcontusion and microhemorrhaging of the blood-brain barrier (BBB) occurs 

with a lower threshold of 200 kPa peak overpressure in direct cranial and lateral blast exposure 

models (Kuehn et al. 2011, Yeoh et al. 2013). While shearing of vessels can cause 

microhemorrhaging, there is currently no definitive vascular map that would point out increased 

vasculature in any specific brain region, such as the amygdala. There is some evidence citing 

increased vascular sensitivity of the amygdala due to a stimulus of stress, with increased vascular 

hypertrophy in the amygdala. This indicates increased regulation of neural networks that would 

be more susceptible to vascular mechanisms (Neigh et al. 2010). 

3.6 Conclusion 

While many overlapping mechanisms in blast polytrauma coincide with that of blast-

induced neurotrauma, specific markers, such as BBB dysfunction and hypoxic factors, can play a 

larger role in neuropathology. BBB dysfunction plays a major role in mechanisms at seven days 

post-blast and can exacerbate downstream pathways to produce more devastating outcomes. It is 
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shown that BPT has a unique pathology and should have a different therapeutic approach 

compared to BINT. 

3.7 Future Directions 

While these findings give a general view of mechanisms present at this time point, more 

detail is needed to investigate specific pathways after BPT. More studies examining microglia 

activation and neuroinflammatory processes at different time points are needed. Also, 

determining which components of the BBB are disrupted could point to how it is being damaged 

and at what point it is involved in injury pathology. 

In addition to the effect on acute lung trauma, the primary injury mechanisms of blast-

induced neurotrauma can be influenced by orientation of the animal within the blast tube. Acute 

hypoxemia can produce immediate cerebrovascular pathology. As evidence is seen at later stages 

in this model (Chapter 3), more investigation of acute manifestation of BINT is needed. 

Expansion of physiology recording is needed to see how long hypoxia is present after 

initial injury. This could solidify hypoxia as a major concern after systemic injury. More studies 

are needed to examine the time course of when systemic and secondary markers are first present 

after injury. This will also give an idea of the best time window for therapeutics designed to 

mitigate early factors in place to aggravate injury pathology at later stages. Assessing BBB 

disruption at several time points will show if this is bi-modal, tri-modal, or even a continuous 

occurrence after BPT.  

To validate and expand of the proposed pathway in BPT, a series of tests with HIF-1α 

and VEGF knockout mice will be conducted to elucidate if hypoxia upregulates HIF-1α and that 

induces VEGF expression to exacerbate BBB disruption. Appropriate controls will be tested as 

well to determine the significance of these factors. 

As astrocytosis and BBB disruption are mechanisms present in this injury model, more 

investigation of overlapping pathology between astrocytes and the BBB is needed. Astrocytic 

end-feet coverage is important to BBB function and health. Astrocytic dysfunction can lead to 

debilitating consequences, such as major depressive disorder (MDD) (Rajkowska et al. 2013). 

Preliminary images have been examined (Figure 29) but quantitative analysis is needed. 
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Figure 29. Left - Overlap of GFAP and SMI-71 in the amygdala. Right – Overlap of aquaporin-4 and 

SMI-71. 
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Chapter 4: Hemostatic Nanoparticles 

This section has been adapted from Hubbard, et al. “Steroid-Loaded Hemostatic 

Nanoparticles Combat Lung Injury after Blast Trauma” ACS Macro Letters, 2015. 4(4): 387-391. 

This data is a result of collaboration with Case Western Reserve University. The 

nanoparticles and treatments were synthesized and developed by Dr. Margaret Lashof-Sullivan 

and other collaborators at Case Western. 

4.1 Introduction 

Due to the lack of therapies that specialize in mitigating internal hemorrhage after 

trauma, our efforts focused on synthesizing functionalized nanoparticles to target and assist 

clotting to reduce internal bleeding. The functionalized nanoparticles were composed of a block 

copolymer, poly(lactic-co-glycolic acid)-poly(l-lysine)-poly(ethylene glycol). These particles are 

conjugated with the peptide, glycine-arginine-glycine-aspartic acid-serine (GRGDS), to enable 

binding with the glycoprotein IIb/IIIa receptor found on activated platelets (Bertram et al. 2009).  

Because these particles are based on poly(lactic-co-glycolic acid) (PLGA), they lend themselves 

to application as a drug delivery vehicle that leverages their entrapment in the clots for local 

delivery. 
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Figure 30. Schematic of the interaction of hemostatic nanoparticles with activated platelets to aid in 

formation of the platelet plug. 

4.2 Current Anti-hemorrhage Therapeutics 

There are limited options readily available for treatment of internal hemorrhage. 

Hemorrhage is a leading cause of preventable death on the battlefield (Champion et al. 2003). 

The gold standard in the military for controlling compressible hemorrhage is tourniquets, which 

uses compression to mitigate bleeding. While there are some current strategies for non-

compressible intracavitary bleeding, there is a critical need for improvements to these options. 

One current option is platelet derived hemostatic agents which provide a substitute for apheresis 

platelets that have a limited shelf life of five days (DoD 2014). Thrombosomes are modified 

platelets, administered by IV injection, that function to initiate and amplify hemostasis by 

producing thrombin and converting fibrinogen to fibrin to form stable clots. However, this option 

is still under development (Fitzpatrick et al. 2013). Tranexamic acid, an antifibrinolytic drug 

used for patients with hemophilia, has been re-purposed to treat traumatic hemorrhage but is also 

in the early stage of development (Hunt 2015). Another option is the wound stasis system. This 

system is a combination of liquid phases that react to form expanding foam inside the body that 



58 

 

absorbs blood and applies pressure at injury site. A disadvantage of this system is that it needs to 

be surgically removed (DoD 2014). X-Stat hemostatic dressing halts bleeding with the 

application of mini-sponges that have a tamponade-like effect at site of injury but it requires an 

open wound to be applied (DoD 2014).  Quikclot Combat Gauze is comprised of kaolin-

impregnated rayon and polyester hemostatic dressing, which accelerates clotting by activating 

factor XII of the coagulation cascade, and is used in all branches of the U.S. military. It is 

relatively inexpensive and contains no animal or human proteins so adverse reactions are limited. 

However, it treats mainly compressible hemorrhage and it is not used in absence of open wounds 

(Gegel et al. 2013). NovoSeven, or recombinant coagulation factor VIIa, can be administered IV 

and used to promote clotting by bypassing the need for factor VII and activating factor X. 

Downfalls of NovoSeven include risk of unwanted blood clots and immunogenic complications 

due to reactions with animal proteins (mouse, hamster, and cow), as well as being very expensive 

(Bertram et al. 2009). While these treatments provide some options to mitigate traumatic 

bleeding, there is no standard and all have drawbacks. Some suit specific applications with open 

wounds or are for use in hospitals but not one of these products can solely contribute to 

prolonged survivability; next generation hemostatic agents are needed (DoD 2014).  

4.3 Therapeutic Effect of Hemostatic Nanoparticles in Other Injury Models 

Hemostatic particles have proven to mitigate internal bleeding in several models of 

bleeding (Bertram et al. 2009, Shoffstall et al. 2012, Shoffstall et al. 2013, Lashof-Sullivan et al. 

2014, Lashof-Sullivan et al. 2016). In a rodent model of lethal liver trauma, hNP were found to 

reduce blood loss following liver injury and increase survival from 40% in controls to 80% in 

animals given hNP after injury (Shoffstall et al. 2012). Another study of lethal liver trauma in 

rodents was conducted to demonstrate increased efficacy with higher concentration of the 

targeting peptide (GRGDS) and resulted in a similar increase in survival (92% to 45%) for hNP 

compared to controls (Shoffstall et al. 2013). A rodent model of major femoral artery injury was 

initiated to examine bleeding time after administration of hNPs (Bertram et al. 2009). As a proof-

of-concept, agents were administered prior to injury and bleeding time after hNP administration 

was reduced 45% compared to Injury Only controls and reduced 25% more than NovoSeven. In 

a model of blast polytrauma, hemostatic nanoparticles (hNPs) were shown to increase survival 

and reduce lung injury without long-term complications (Lashof-Sullivan et al. 2014). The effect 



59 

 

on acute blast exposure implicates that recovery will lead to better subacute outcomes. hNPs 

have far reaching applications for internal bleeding after car crashes or blast exposure. 

4.4 Therapeutic Effect of Dexamethasone in Other Injury Models 

Dexamethasone was determined to be a suitable steroid-link for this hNP treatment due to 

its anti-inflammatory properties and non-effect on coagulation. Dexamethasone has been shown 

to reduce lung injury, monitored by leukocyte infiltration and hemorrhage, clinically as well as in 

a rodent model of acute lung injury (Araz et al. 2013). In a lung injury model, dexamethasone in 

conjunction with targeting nanogels, has been shown to alleviate pulmonary inflammation one 

day after administration (Coll Ferrer et al. 2014). Sustained delivery of dexamethasone from 

coated nanoparticles has been shown to be necessary to elicit biological effects (Lo et al. 2010). 

By reducing the effects of pro-inflammatory cytokines responsible for tissue damage after injury, 

dexamethasone is an attractive option for treatment of PBLI, and the drug lends itself to 

encapsulation in a hemostatic nanoparticle formulation to aid recovery following injury.  

The therapeutic effect of dexamethasone has been previously examined in brain injury 

models (Shain et al. 2003, Lee et al. 2014, Hue et al. 2015). It has been shown to reduce 

programmed cellular death, or apoptosis, due to hemorrhage in the brain while also inhibiting 

inflammation after injury (Lee et al. 2014). Dexamethasone has been shown to reduce 

inflammation due to amyloid beta in the cerebrovasculature, in relation to Alzheimer’s disease 

(AD) (Previti et al. 2006). A recent review by Obermeier et al. described the only applicable 

BBB therapeutic as glucocorticosteroid (GC) treatment (Obermeier et al. 2013). Dexamethasone, 

an anti-inflammatory GC, has been shown to inhibit matrix metalloproteinase (MMP) levels and 

consequently improve vessel wall integrity by preserving BBB components (Forster et al. 2007). 

In an in vitro model of primary blast injury, BBB restoration occurred via glucocorticoid 

receptor signaling by dexamethasone (Hue et al. 2015). Dexamethasone has also been shown to 

attenuate astrocytosis after peripheral injection and local delivery through polymers (Shain et al. 

2003). 
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4.5 Methodology of Synthesis 

4.5.1 Particle Synthesis 

PLGA-PLL-PEG-GRGDS block copolymer for the hemostatic nanoparticles and PLGA-

PLL-PEG-GRADSP were synthesized using protocols described previously (Bertram et al. 2009, 

Shoffstall et al. 2012, Shoffstall et al. 2013). In brief, the triblock polymer was synthesized using 

stepwise conjugate reactions. The PLGA was coupled to poly(ε-cbz-L-lysine) (PLL-cbz; PLL 

with carbobenzoxy-protected amine side groups). The conjugation was confirmed by UV-vis 

spectroscopy. After the PGA-PLL-cbz was deprotected with HBr, the free amines of the PLL-

NH3 were reacted with CDI-activated PEG in a 5:1 molar excess (Hermanson 1996). 

The GRGDS was conjugated to PEG-PLGA (or the conservatively substituted GRADSP) 

as described previously (20). In brief, the peptide was conjugated by dissolving the PLGA-PLL-

PEG (1 g) in anhydrous dimethyl sulfoxide (DMSO) to a concentration of 100 mg/mL and the 

oligopeptide (25 mg) was dissolved in 1 mL of DMSO and added to the stirring polymer 

solution. The free amine of the oligopeptide then reacted with free end of the CDI-activated 

PEG. The mixture reacted for 3 h, and was then transferred to dialysis tubing (SpectraPor, 2 kFa 

molecular weight cutoff) and dialyzed for 4 h before being snap-frozen in liquid nitrogen and 

lyophilized (Shoffstall et al. 2013). 

To form particles, the polymer was dissolved at a concentration of 20 mg/mL in 

acetonitrile containing coumarin-6 (C6), a fluorescent dye used to track the particles after 

injection (loaded at 1% wt/wt). This dye has been previously shown to release <0.5% of the 

initial loading by 24 h and 1.5% by 7 d. This solution was added dropwise to a volume of stirring 

PBS twice that of the acetonitrile (Cheng et al. 2007). Precipitated nanoparticles form as the 

water-miscible solvent is displaced. 

4.5.2 Coacervate Precipitation 

Coacervate precipitation was adapted from D’Addio and performed as previously 

described (Bertram et al. 2009, D'Addio et al. 2010). Briefly, one mass equivalent of dry 

poly(acrylic acid) (PAA) was added to the stirring nanoparticle solution.  Then, a solution of 1% 

PAA was added until flocculation occurred.  The flocculated nanoparticles were then collected 

by centrifugation.  After rinsing, they were suspended in approximately 10 mL deionized water, 
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snap-frozen, and lyophilized for three days. Nanoparticles were resuspended at 20 mg/mL in 

Lactated Ringer’s solution and briefly sonicated. 

4.5.3 Nanoparticle Characterization 

Nanoparticles were characterized for diameter using dynamic light scattering (DLS) 

(90Plus; Brookhaven Instruments) and scanning electron microscopy (Hitachi S4500). DLS data 

were represented as the effective diameter as calculated using the 90Plus software. The PEG 

corona of the nanoparticles as well as presence of dexamethasone was characterized by NMR 

(600-MHz Varian Inova NMR spectrometer). Data were collected with particles suspended in 

deuterated water (D2O) and again with particles dissolved in deuterated chloroform (CDCl3). 

 

4.6 Methodology of Hemostatic Dexamethasone-Loaded Nanoparticles 

4.6.1 Polymer Synthesis 

PLGA-PLL-PEG-GRGDS block copolymer was synthesized as previously described 

(Shoffstall et al. 2013). Briefly, poly(lactic-co-glycolic acid) (PLGA resomer 503H) and poly(ε-

cbz-L-lysine) (PLL-cbz) PLL with protected amine side groups (Sigma P4510) were coupled and 

conjugation was confirmed using UV-vis.  The amine side groups were deprotected with HBR, 

and the free amines reacted were reacted with CDI-activated poly(ethylene glycol) (PEG).  The 

copolymer PLGA-PLL-PEG (with CDI activated PEG end groups) was then reacted with the 

peptide GRGDS (or the control peptide GRADSP) in DMSO and purified by dialysis.   

4.6.2 Nanoparticle Formation 

The steroid, dexamethasone, was dissolved in acetonitrile at a concentration of 4 mg/mL.  

Particles for biodistribution were instead made by dissolving the fluorescent marker coumarin 

(C-6) at 0.2 mg/mL.  The block copolymer, PLGA-PLL-PEG-GRGDS, was then dissolved at a 

concentration of 20 mg/mL in the dexamethasone (or C-6) acetonitrile solution.  This solution 

was added dropwise to a volume of stirring PBS.  Nanoparticles were then collected by 

coacervate precipitation as described below.   

4.6.3 Coacervate Precipitation 

This was performed as described in 4.5.2. 
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4.6.4 Nanoparticle Characterization 

This was performed as described in 4.5.3. 

4.6.5 Dexamethasone Release Study 

A release study was performed to determine how dexamethasone is be eluted from the 

particles. Particle samplers were incubated at 37ᴼC in PBS.  The samples were centrifuged to 

remove the supernatant at regular intervals. This supernatant was analyzed using Uv-Vis 

spectroscopy at 241 nm to determine dexamethasone concentration. The particles were then 

suspended in additional PBS and returned to the incubator. Supernatant samples were taken over 

a 13 week time period to calculate the cumulative dexamethasone release. Initial loading was 

determined by fully dissolving particles in DMSO and centrifuging to remove the supernatant.  

The supernatant was analyzed by Uv-Vis spectroscopy to determine the initial dexamethasone 

concentration of the particles. 

4.6.6 Biodistribution 

Animals given a dose of particles containing C-6 (particles for biodistribution) were 

euthanized at one hour following blast.  Organs, including kidneys, lungs, liver, spleen, and 

brain, were collected and lyophilized for the biodistribution assay.  The dry weight of the whole 

organ was recorded, and a 100-200mg sample of the organ was homogenized (Precellys 24).  1 

mL of acetonitrile was then added and samples were incubated at 37 
o
C for 24 hours.  A quantity 

of particles to determine loading was also dissolved in 1 mL of acetonitrile and incubated for 24 

hours.  This dissolved the nanoparticles remaining in the tissue and released the C-6 contained in 

the particles.  The samples were centrifuged and the supernatant was collected for analysis on 

HPLC (Shimadzu) with fluorescence detection (450/490nmex/em).  The C-6 concentration in the 

organs was then compared to the loading concentration to determine how much of the particle 

dose was found in each organ. 

4.7 Results 

4.7.1 SEM Image of Nanoparticles 

A representative scanning electron microscope, or SEM, image of the particles (Figure 

31AB) shows that the treatment is a spherical nanoparticle of approximately 500 nm in size. This 

sizing measurement is confirmed by dynamic light scattering (DLS) measurement (Figure 31C). 
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Figure 31. (A) SEM of hemostatic dexamethasone loaded nanoparticles (hDNPs) (B) SEM of control 

dexamethasone loaded nanoparticles (cDNPs) (C) Particle size as measured by SEM and DLS. 

 

4.7.2 NMR 

Nuclear magnetic resonance (NMR) data indicated that the poly(ethylene glycol) (PEG) 

arms form a corona when suspended in aqueous solution, indicated by in increased size of the 

PEG peak (δ = 3.21) in deuterated water (D2O) in relation to other peaks.  In addition the 

dexamethasone peak (δ = 1.68) were visible in deuterated chloroform (CDCl3) indicating that 

the dexamethasone is encapsulated by the particles. Total loading of the dexamethasone is 22 

ug/mg. 
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Figure 32. Molecular structure of nanoparticles as well as dexamethasone. Characterization of the 

nanoparticles by NMR in deuterated chloroform and deuterated water, showing the presence of the 

PEG corona. 

4.7.3 Dexamethasone Release 

Release data showed that the majority (70%) of the dexamethasone is released within the 

first 24 hours of incubation (Figure 33).  This is beneficial in our injury model since it releases 

over the first day to help acutely but it is not exhausted all in the first hour. After 63 days, 95% 

of the loaded dexamethasone has been released. 
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Figure 33. Release of dexamethasone from hemostatic nanoparticles over time. 

 

4.7.4 Biodistribution 

Biodistribution data show the vast majority of the injected dose seen in organs is located 

in the right lung. This coincides with lung injury data in Chapter 2. 
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Figure 34. (A) One hour biodistribution study for hDNP and cDNP (hDNP, n=6; cDNP, n=8). Results 

show that vast majority of the nanoparticle accumulation is in the right lung for both hDNP and 

cDNP. (B) Zoom view for one hour biodistribution study on all organs examined except for the right 

lung. 

4.7.5 Confirmation of Injection 

Evans blue dye was injected to confirm injection of nanoparticles. This dye was seen 

where injured was sustained, even secondary injury from acetate shrapnel (Figure 35). 
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Figure 35. Evans Blue found in ear after with small laceration 

Evans blue dye was also found in the lungs, as expected with the extent of injury sustained. 

Figure 36A contains lungs exposed to 179 kPa static peak overpressure and injected with hDNP 

while Figure 36B contains lungs exposed to 200 kPa static peak overpressure and injected with 

cDNP. 

 

Figure 36. Evans Blue found in the lungs after administration of treatment 

 

4.8 Discussion and Conclusion 

The size of the nanoparticles with dexamethasone loaded was 500 nm, which is too large 

to cross the blood-brain barrier. If there was microhemorrhaging present in the BBB, there could 

be direct action of the nanoparticles in the brain. The dexamethasone release curve shows that 

A B 
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there is an initial burst released followed by the majority released in the first day. 

Dexamethasone is steadily released until day ten, so there is some long-term therapy. 

Biodistribution data show that most of the injected nanoparticles are located in the lungs 

one hour after injury and injection. This is due to localized hemostasis where most of the acute 

hemorrhaging occurs. A small percentage is found in the brain suggesting some therapeutic 

action initially at one hour but nanoparticle location can change over time. Injection confirmation 

was macroscopically analyzed by adding Evans blue dye to the nanoparticle injection. The blue 

dye was found in the lungs at seven days after injury. 

The characterization of the nanoparticles shows the functionality and properties that 

make the hemostatic nanoparticles a viable option for therapeutic after injury. Localization and 

release profile of dexamethasone give immediate therapy as well as prolonged release to assuage 

injury and secondary mechanisms. 
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Chapter 5: Investigation of the Therapeutic Effects of Hemostatic 

Nanoparticles after Blast Polytrauma: Lung Pathology 

 

This section has been adapted from Hubbard, et al. “Steroid-Loaded Hemostatic 

Nanoparticles Combat Lung Injury after Blast Trauma” ACS Macro Letters, 2015. 4(4): 387-391. 

This data is a result of collaboration with Case Western Reserve University. The 

nanoparticles and treatments were synthesized and developed by Dr. Margaret Lashof-Sullivan 

and other collaborators at Case Western. All immunohistochemistry and behavior, as well as 

experiment testing, was performed at Virginia Tech. 

 

5.1 Introduction 

5.1.1 Statement of Problem 

PBLI is a significant cause of death due to internal hemorrhage following detonation of 

improvised explosive devices (Yeh and Schecter 2012). Explosions account for the majority of 

injuries in the current military conflicts (Ramasamy et al. 2008). There is a severe lack of 

treatments for traumatic injuries, especially for on-site administration. A readily assessable 

treatment to decrease mortality of those who suffer from internal trauma is needed.  Moreover, it 

is vital that treatment must occur within the first hours following injury to increase survival 

(ATLS 2004). Our blast trauma rodent model can be utilized as a tool to assess novel 

nanotherapeutics (Hubbard et al. 2014). There is a clear call for therapeutic intervention for 

treating lung injury and internal hemorrhage immediately after blast exposure (Huller and Bazini 

1970, Clifford 2004).  

5.1.2 Significance 

In response to the lack of therapeutics for internal bleeding following a traumatic event, 

hemostatic dexamethasone nanoparticles (hDNP) were synthesized to help alleviate internal 

hemorrhaging and were evaluated after PBLI. Increased survival has been shown in a mouse 

model as a result of hDNP administration, citing a direct effect of improved the coagulation 

process mediated by the nanoparticle (Lashof-Sullivan et al. 2014). This is the first study to 

assess hDNP in a rodent model of blast trauma. In addition to effects on survival and acute 
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hemorrhaging, recovery using physiological parameters and immunohistochemistry in the lung 

will provide indication of subacute (seven days post-injury) benefits from therapeutic 

intervention. hDNPs are hypothesized to fill the need as a therapeutic for internal bleeding 

mitigation, also aiding concerns that arise from blood loss (Champion et al. 2003). hDNP have 

the potential to alleviate physiological impairment caused by blast injury and reduce lung injury 

damage.  

5.2 Literature Review 

5.2.1 Physiology and Internal Bleeding after Primary Blast Lung Injury 

Changes in physiological parameters have been reported following PBLI, such as oxygen 

content and heart rate. Hypoxemia has been observed post-blast, monitored by a reduction in 

partial pressure of oxygen (PAO2), due to pulmonary hemorrhage leading to a ventilation-

perfusion mismatch (Irwin et al. 1997, Knoferl et al. 2003). Apnea concomitant with oxygen 

desaturation is a common outcome found in animal studies of PBLI (Mayorga 1997).  

Some of the first pre-clinical experimental findings of intra-alveolar hemorrhage and 

alveolar-capillary rupture were cited in studies of blast lung injury with right lateral blast 

exposure (Fung 1984, Jaffin et al. 1987, Brown et al. 1993). Brown, et al. found that pathological 

conditions in the lung after blast injury progressed over time, such that lobes which did not 

present with hemorrhage at 30 minutes post-injury showed edema and hemorrhage at one day 

post-injury (Brown et al. 1993). Studies have confirmed findings of hemorrhage and edema, as 

well as examined markers of inflammation and oxidative damage (Elsayed and Gorbunov 2003, 

Chavko et al. 2006). Hemorrhage in the lungs has been well documented in models of PBLI 

(Brown et al. 1993, Zhang et al. 1996, Bauman et al. 1997, Elsayed et al. 1997, Cernak et al. 

2001, Knoferl et al. 2003, Chavko et al. 2006). It has been reported that blast exposure as low as 

62 kPa can cause infiltration of red blood cells (RBCs) in the alveolar spaces and biochemical 

changes in the lungs (Elsayed and Gorbunov 2007). A PBLI model with BOP ranging from 12.5 

to 16.25 kPa produced lesions in the left lobe as well as bilateral traumatic pulmonary 

hemorrhage (Gorbunov et al. 2003). Researchers induced PBLI in order to examine the effects of 

varied overpressures and lung recovery post-blast; however, methodologies have not been 

standardized (Chavko et al. 2006, Skotak et al. 2013). Our previous study provided more 
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thorough evidence that contusion and hemorrhaging in the left lobe was correlated with a higher 

incidence of lethal outcomes (Hubbard et al. 2014). 

5.2.2 Lung Pathology after Primary Blast Lung Injury 

Animal models of PBLI have been studied in order to analyze inflammatory, anti-

oxidant, and other physiological characteristics of the injury (Elsayed et al. 1997, Irwin et al. 

1997, Elsayed et al. 2000, Elsayed and Gorbunov 2003, Knoferl et al. 2003, Liener et al. 2003, 

Gorbunov et al. 2006, Flierl et al. 2008, Seitz et al. 2008, Chavko et al. 2009).  Limited research 

has been conducted with the objective of investigating pharmaceutical treatments geared towards 

mitigating PBLI (Chavko et al. 2008, Chavko et al. 2009). Although there is little data on the 

pathology of PBLI, apoptosis and inflammation are two observed activated signaling pathways 

documented. It has been shown that apoptosis, as well as necrosis, was elevated in low oxygen 

environments (Michiels 2004, Lee et al. 2012). As described in Seitz, et al., apoptosis of alveolar 

type 2 cells contributed to the loss of epithelial cells following lung contusion (Seitz et al. 2008). 

In a study by Liener, et al., apoptosis was identified as a cellular mechanism after pulmonary 

contusion (Liener et al. 2003). 

The pro-inflammatory response has been characterized with increased levels of 

myeloperoxidase at one day and chemokine, intercellular adhesion molecule-1(ICAM-1), 

increased at two days post-blast (Chavko et al. 2006). Recent efforts have also looked at the 

combined effects of blast and burn exposure on lethality and inflammatory cytokines (Chai et al. 

2013). Inflammatory cytokines, such as tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-

6), have been examined in a model of PBLI. Knoferl, et al. demonstrated that levels of TNF-α 

and IL-6 were elevated three hours post-blast in blood plasma due to the thoracic trauma 

(Knoferl et al. 2003). Injury-induced cytokines are known to contribute to tissue damage (Brown 

et al. 1993). TNF-α has been shown to induce apoptosis leading to cleavage of DNA into 

fragments (Rath and Aggarwal 1999). These studies provide evidence that inflammation is a key 

mediator for injury progression in the lungs and is a likely contributor to PBLI pathology. 



72 

 

5.3 Methods 

5.3.1 Experimental Set-up 

The Virginia Tech Institutional Animal Care and Use Committee approved experimental 

protocols described herein. Prior to all experiments, male Sprague Dawley rats (~325 g, Harlan 

Labs, San Diego) were acclimated to a 12 hour light/dark cycle with food and water provided ad 

lib. Animals (n=65) were exposed to a single incident pressure profile resembling a ‘free-field’ 

blast exposure (range of 170 to 190 kPa).  

Using the following settings, necessary sample size of the seven day study was 

calculated: Power (1-β) ≥ 0.8; α ≤ 0.05; Groups: 5; Minimum detectable difference in means (d) 

= 20%; Expected standard deviation (s) = 10%. Using power and α values, C = 7.85. 

𝑛 = 1 + 2𝐶(
𝑠

𝑑
)2 = 1 + 5(7.85)(

.10

.20
)2 =10.8. (Dell et al. 2002) 

Power Analysis determined that a minimum of 10-12 animals per group were needed for 

the seven day post-blast study. 

For the one hour study, all animals were randomly assigned to one of five groups: hNP, 

control nanoparticles (cNP), Lactated Ringer’s (LR), Injury Only (IO), and sham (n=6/group). 

For the seven day study, all animals were randomly assigned to one of five groups: hDNP, 

control dexamethasone-loaded nanoparticles (cDNP), Lactated Ringer’s (LR), Injury Only (IO), 

and sham (N = 23, 20, 22, 12, and 18, respectively). 

Prior to blast exposure, rats were anesthetized with a ketamine/xylazine solution, in 

accordance with the rodent weight, for sedation during blast and the one hour post-blast 

monitoring. The shock front and blast overpressure were generated by a custom-built ABS (ORA 

Inc. Fredericksburg, VA) located at the Center for Injury Biomechanics at Virginia Tech. The 

ABS consists of a driving compression chamber attached to rectangular test section chamber 

with an end-wave eliminator as shown in Figure 9.  

A peak static overpressure was produced with compressed helium and calibrated acetate 

sheets (Grafix Plastics, Cleveland, OH). Pressure measurements were collected at 250 kHz using 

a Dash 8HF data acquisition system (Astro-Med, Inc, West Warwick, RI) and peak overpressures 
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were calculated by determining wave speed (m/s) at the specimen position. A mesh sling was 

used to hold the animal during the exposure that allowed for minimal hindrance of the wave 

through the tube, in addition to holding the animal in a prone position with the right side of the 

thorax facing the shock wave driver. The animal was not allowed impact any solid surface in 

order to prevent secondary injuries. 

Immediately after blast exposure, animals were injected with treatment (hDNP, cDNP, 

LR, or IO; 500 μL total volume) via tail vein injection. The injected treatment also included 

Evans blue which binds to albumin in the blood circulation (Chapter 4.7.5). This addition helped 

us visualize the injection and provided for macroscopic visualization of albumin-Evans blue 

infiltration after hemorrhage. The hDNP and cDNP groups were dosed at 4 mg/kg of the 

nanoparticles suspended in LR. A physiological monitoring system (Nonin PulseSense VET 

Pulse Oximeter, #033692, Henry Schein Inc.) was used to collect physiological parameters such 

as heart rate and oxygen saturation at one hour post-blast. The minimum recording for HR and 

oxygen saturation was documented for analysis. Sham animals underwent all procedures except 

for blast exposure and tail vein injection. 

5.3.2 Tissue Processing 

To assess acute hemorrhage, a subset of animals (n=6/group) were euthanized by 

transcardial perfusion of saline and 4% paraformaldehyde at one hour post-blast. After seven 

days, the rest of the animals were euthanized by transcardial perfusion of saline and 4% 

paraformaldehyde. Following collection, lungs were stored in a 4% paraformaldehyde fixative 

solution. After 48 hours in fixative, the lungs were placed in 30% sucrose solution for tissue 

sectioning preparation.  Lungs were separated into cassettes with each lobe isolated for analysis 

and embedded in Tissue-Tek® optimal cutting temperature (O.C.T.) embedding medium (Sakura 

Finetek USA, Inc., Torrance, CA) for cryostat processing. Samples were then cut (8 µm) and 

stained with hematoxylin and eosin (H&E) to predict injury extent. Images were taken of three 

regions of interest (Okeda, Okada) in each lung tissue section at 10X magnification (Zeiss 

AxioCam ICc 1). The images were converted to black and white and optical density readings 

were collected in order to determine the level of hemorrhaging in the lung tissue using Image J 

software (NIH, Bethesda, MD). The percent injured area was calculated in each lobe and 

significance was determined and reported as mean ± SEM.   
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5.3.3 Immunofluorescent Staining 

Immunohistochemistry was performed on lung tissue for TNF-α (an inflammatory 

cytokine) and cleaved caspase-3 (early apoptosis marker). Pre-mounted samples were frozen 

overnight and then rinsed three times with PBS and incubated in 2% BSA in PBS for one hour at 

room temperature. The histological sections labeled with primary antibodies were taken from the 

mid-point of the respective lobe for consistency. Sections were then incubated with a primary 

antibody (anti-cleaved caspase-3 (Cell Signaling Technologies, Danvers, Massachusetts) or anti-

TNF-α (Abnova, Taipei City, Taiwan) at 1:500 overnight at 4ºC. All sections were only labeled 

with one primary antibody. After a PBS wash, the samples were incubated for 1.5 hours with 

Alexa Fluor 555 anti-rabbit IgG antibody or Alexa Fluor 488 anti-mouse IgG antibody (1:500; 

Cell Signaling, Danvers, MA). After a PBS wash, samples were air dried and coverslipped with 

prolong antifade gold reagent with 6-diamidino-2-phenylindole (DAPI; Invitrogen, Carlsbad, 

CA). Sections were examined under Zeiss fluorescence microscope at 20X magnification (three 

images per tissue section) under appropriate fluorescent filters and images were taken by Zeiss 

AxioCam ICc 1.  Fluorescence intensity of acquired digital images was quantified by ImageJ 

software (NIH, Bethesda, MD). 

5.3.4 TUNEL Assay 

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) was performed 

to assess DNA fragmentation associated with apoptotic signaling cascades. In situ cell death 

detection kit (Roche Diagnostics, Indianapolis, Indiana) was utilized to mark DNA strand breaks 

fluorescently. This TUNEL technique was quantified using the Zeiss fluorescence microscope 

(three images per tissue section) and the intensity was determined using ImageJ. 

5.3.5 Statistical Analysis 

Statistical differences between the treatment groups were assessed with analysis of 

variance using LSD post-hoc test. All statistical analyzes were performed using JMP Pro 10 

(SAS Institute, Cary, NC) and p < 0.05 considered statistically significant. Unless indicated 

otherwise, data are presented as mean ± standard error of the mean, or SEM. 
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5.4 Results 

5.4.1 Survival 

 

 

Figure 37. Survival at seven days post-blast. The sham group is significantly different compared to 

Injury Only, LR, and cDNP groups (p<0.05), but not to the hDNP group. 

For seven day survival, the sham group was significantly different (p<0.05) from all 

groups except for the hDNP groups (Figure 37). The Injury Only group had 60% survival while 

hDNP survival approached 80%. 

5.4.2 Physiology  

There was a significant difference between the hDNP and the other blast groups (cDNP, 

LR, and IO) in terms of minimum oxygen saturation during the one-hour post-blast monitoring 

period (p-value < 0.05). (Figure 38A) When evaluating the acute heart rate response following 

injury, similar trends were observed as the hDNP group was higher when compared to the cDNP 

group. (Figure 38B) 
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Figure 38. (A) Oxygen saturation for treatment groups (B) Heart rate for treatment groups (* - p-value 

< 0.05) 

5.4.3 Lung Hemorrhage – One Hour 

For the one hour study, hemostatic nanoparticles without dexamethasone were evaluated 

to determine the therapeutic effect of hemostasis. Lung hemorrhage at one hour post-injury was 

significantly lowered (p<0.05) after hNP treatment compared to cNP, LR, and Injury Only 

(Figure 39). 
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Figure 39. Percent area of hemorrhage and interstitial edema, constituting lung injury. Numbers 

include normal lung structure of alveolar walls. (* - p-value < 0.05) 

5.4.4 Lung Hemorrhage – Seven Days  

Figure 40 displays representative images of H&E staining in the lung cross-section. The 

hDNP and sham groups have significantly lower hemorrhage levels compared to the cDNP and 

Injury Only groups (* p < 0.05) at seven days after blast (Figure 40). Staining represents (A) 

hDNP (B) cDNP (C) LR (D) IO and (E) Sham. 
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Figure 40. Representative images of H&E stained tissue which were used to assess internal 

hemorrhage in the left lobe after blast. hDNP was statistically significant compared to cDNP and 

Injury Only (p<0.05).  
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5.4.5 Caspase-3 Staining 

Figure 41 shows representative images from cleaved caspase-3 immunofluorescence on 

the left lobe. The hDNP group had significantly lower amount of early stage apoptosis compared 

to the other blast groups (cDNP, LR, and IO) at the seven day time point after injury (p<0.05). 

 

Figure 41. Representative images of cleaved caspase-3 staining for (A) hDNP (B) cDNP (C) LR (D) IO 

and (E) Sham.  (F) The cDNP, LR, and IO groups have significantly elevated levels compared to the 

hDNP and sham groups at seven days after blast (* - p<0.05). 
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5.4.6 TNF-α Staining  

Figure 42 shows representative images from TNF-α staining.  For percent area of TNF-α 

fluorescence, the hDNP and sham group were significantly reduced compared to the other blast 

groups (cDNP, LR, and IO) at the seven day time point (p<0.05).  

 

Figure 42. Representative fluorescent images of TNF-α. (A) hDNP (B) cDNP (C) LR (D) IO and (E) 

Sham  (F) The average percent area of the TNF-α fluorescence. (* - p<0.05) 
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5.4.7 TUNEL Assay 

Figure 43 shows representative images from the TUNEL assay on the lung tissue.  The 

hDNP group had a significantly lower amount of late stage apoptosis compared to the other blast 

groups (cDNP, LR, and IO) at the seven day time point after injury (p<0.05).  

 

Figure 43. Representative TUNEL staining for (A) hDNP (B) cDNP (C) LR (D) IO and (E) Sham.  (F) 

The hDNP group and sham group are significantly different compared to the cDNP, LR, and IO 

groups at seven days after injury (* p<0.05). 
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5.5 Discussion 

Treatment with hDNP improved outcomes in acute measures of lung injury.  Reduced 

levels of oxygen saturation after lung trauma are harmful to survival as well as tissue health. 

There was a significant difference between the hDNP and the other blast groups (cDNP, LR, and 

IO) in terms of minimum oxygen saturation during the one-hour post-blast monitoring period (p 

< 0.05) (Figure 38A). This suggests that animals treated with hDNP experience a more 

immediate level of recovery in terms of supplying oxygen to the body. As commented on in 

Brown, et al., the compensatory response during lung contusion of the undamaged areas of the 

lung played an important role in combating hypotension and apnea after initial trauma (Brown et 

al. 1993, Irwin et al. 1999). When evaluating the acute heart rate response following injury, 

similar trends were observed as the hDNP group was higher when compared to the cDNP group. 

(Figure 38B) Physiology after blast was beneficially influenced by administration of hDNP but 

not cDNP.  

Previously, a PBLI model was shown to produce lesions in the left lobe as well as 

bilateral traumatic pulmonary hemorrhage (Gorbunov et al. 2003) . Contusion and hemorrhaging 

in the left lobe has been correlated with a higher incidence of lethal outcomes in preliminary 

studies (Hubbard et al. 2014). Figure 40 demonstrates that the hDNP treatment, as well as the 

uninjured sham group, had significance when compared to the cDNP, LR, and Injury Only 

groups, which may also help account for a better outcome in oxygen saturation. Injury-targeting 

by hDNP is crucial to form enhanced clots in the injured lungs and promote physiologic recovery 

in the acute stage. 

Pathology in the lung after blast has been examined previously (Elsayed et al. 1997, 

Gorbunov et al. 1997, Gorbunov et al. 2004, Chavko et al. 2006, Gorbunov et al. 2006). One 

mechanism of lung injury progression suggests that the amount of free actin in the circulation 

from dying cells that can obstruct circulation in the lungs and destroy pulmonary endothelium 

(Chavko et al. 2006). This mechanism could pose a delayed response of apoptosis in the lungs 

and can show how assuaging the injury in the acute stages can alleviate ensuing cellular 

degradation. Delayed pulmonary injury can be indirectly due to extravasated blood components 

(Brown et al. 1993, Gorbunov et al. 1997).  Apoptotic markers, TUNEL and cleaved caspase-3, 

were measured to provide a representation of various stages within the apoptosis cascade. Lee, et 
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al. has shown that apoptosis is elevated in low oxygen environments (Lee et al. 2012). Apoptosis 

is a consistent finding after blast-induced lung contusion (Liener et al. 2003, Seitz et al. 2008). 

Knowing that apoptosis of epithelial cells are a result of many post-injury mechanisms, 

decreased levels of early and late stage apoptotic signals with the hDNP group is a promising 

result, indicating that this treatment may have a protective effect on surviving cells after trauma. 

Cytokines, such as TNF-α, can cause prolonged state of injury after trauma.  In a brain 

ischemia-induced lung injury model, TNF-α positive epithelial cells were seen in lung tissue 

three days after injury (Liao et al. 2012). In a model of interleukin-2-induced microvascular lung 

injury, TNF-α was seen elevated in the lung tissue while having undetectable levels in blood 

serum indicating that local mechanisms are responsible for inflammation and injury progression 

(Rabinovici et al. 1996). In other models of lung disease, TNF-α protein levels in the tissue were 

seen at several weeks (Rube et al. 2002). Characterization of the currently tested nanoparticles 

showed that they can deliver a burst of dexamethasone at an injury site during the few hours after 

injury, which may also reduce the long-term inflammatory effects of PBLI (see Dexamethasone 

Release in Chapter 4.7.3). Decreased TNF-α levels at seven days indicates that the hDNP group 

is effective at mitigating inflammation as well as cellular injury cascades compared to controls 

after injury. 

Multiple administrations of dexamethasone as treatment for lung injury have resulted in 

therapeutic benefits, reducing hemorrhage and anatomical implications of emphysema (Araz et 

al. 2013). These same curative effects can be seen in our study, but with only a single 

administration of hDNP. Targeting activated platelets creates efficiency of dexamethasone’s 

therapeutic effect by local release in the lungs (Lashof-Sullivan et al. 2014). Administration of 

hDNP has the potential to be a viable option for open field trauma care because of its 

effectiveness in reducing lung damage and improving oxygen exchange as well as ease of 

delivery. Treatment with hDNP significantly decreased acute hemorrhaging and alleviated 

cellular damage of lungs at a subacute stage. The lower levels of TNF-α, accompanied by 

reduced levels of apoptosis in the hDNP group show a therapeutic effect at a delayed time point. 

Findings of increased oxygen saturation and lower cell death in the lungs for the hDNP group 

demonstrate promising therapeutic roles in trauma care. 
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5.6 Conclusion 

Results from Elsayed, et al. (Elsayed and Gorbunov 2007) stress the need for initiating 

treatment within the first hour following blast exposure due to oxidative stress, pulmonary 

hemorrhage, and rupture of alveolar walls in the lungs. Due to the absence of therapeutics that 

target internal hemorrhage, administered nanoparticles are a potential venue to produce this rapid 

response in cases of PBLI. The way hDNP affects the interplay between physiological 

parameters, percent hemorrhage, and apoptosis after injury is crucial for survival and healing. 

Examining the effects of nanoparticles on other inflammatory cytokines in the lungs and blood 

plasma as well as factors involved with oxidative stress can further validate their performance as 

a post-injury therapeutic. hDNP administration after traumatic injury mitigates internal bleeding 

and improve lung pathologic outcomes in this model. 

5.7 Future Directions 

To fully characterize the injury and what therapeutic influence hemostatic nanoparticles 

have on the injury, additional investigation of inflammatory markers, such as interleukins, and 

markers of endothelial damage, such as ICAM-1, should be conducted. While the effect of 

hDNPs on general apoptosis and inflammation has been assessed in the left lobe, more detail into 

whether secondary injury is happening globally in the lung or locally is needed. Collecting blood 

for analysis at acute time points would give the ability to determine cellular mechanisms of 

apoptosis, such as free actin accumulation. In order to relate PBLI to systemic effects, 

biomarkers of inflammation and hemostasis should be assessed (Barnett and Ware 2011). The 

amount of neutrophils found after acute lung injury has been shown to correlate to tissue damage 

(Seitz et al. 2008, Grommes and Soehnlein 2011). Furthermore, ICAM-1 has been reported after 

acute lung injury and blocking its expression has ameliorated lung injury (Lundberg et al. 2001). 

Other endothelial dysfunction markers, such as endothelin-1 and von Willebrand factor, and 

evaluation of macrophage count in the lungs are crucial components of the injury response (Pittet 

et al. 1997). Additional inflammatory markers such as interleukin-8 and interleukin-6 constitute 

part of the inflammatory response after lung injury; additional predictors of endothelial 

permeability, such as angiopoietin-2, can be assessed (Knoferl et al. 2003, Barnett and Ware 

2011). Examination of these markers would give a detailed characterization of the injury, as well 

as show the therapeutic mechanism of hDNP. 



85 

 

The time course of PBLI needs elucidating in order to further investigate the therapeutic 

window. Analysis with hemostatic nanoparticles without dexamethasone will pinpoint if 

dexamethasone release is required for the full therapeutic effect. This will be beneficial to 

highlight the importance of local release of dexamethasone. Physiology monitored at multiple 

time points after injury would be beneficial to characterizing recovery time after injury and 

hemostatic nanoparticle injection.  Kirkman and Watts report that hypoxia after blast lung injury 

can worsen after several hours (Kirkman and Watts 2011). Clinical reports of blast lung trauma 

have examined hypoxemia becoming progressively worse over one to two days post-injury 

(Peitzman AB 2007). With these findings, assessing oxygen saturation every hour after blast for 

at least six hours would give a detailed pattern of the progression or regression of hypoxia. Also, 

examining oxygen saturation daily from day two until seven would give the time course of 

recovery. 
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Chapter 6: Investigation of the Therapeutic Effects of Hemostatic 

Nanoparticles after Blast Polytrauma: Amygdala Pathology 

 

This data is a result of collaboration with Case Western Reserve University. The 

nanoparticles and treatments were synthesized and developed by Dr. Margaret Lashof-Sullivan 

and other collaborators at Case Western. All immunohistochemistry and behavior, as well as 

experiment testing, was performed at Virginia Tech. 

6.1 Introduction 

BINT is a debilitating condition developed after blast exposure and has increased 

incidence in the military. The specific pathways triggered and activated after injury are not fully 

understood. In addition, neurological deficits result from long-term pathology of BINT. As such, 

the amygdala, the fear/anxiety regulation center of the brain, was assessed as the therapeutic 

target for hDNP activity. The purpose of this aim is to investigate whether hDNPs could reduce 

cellular injury through polytraumatic mechanisms and improve neurological outcomes in a 

model of whole-body blast trauma. 

6.1.1 Statement of Problem 

According to the Defense and Brain Injury Center of the Department of Defense, the 

number of service members diagnosed with TBI has steadily increased in previous years. Even 

though diagnostics of TBI in military combat has advanced, there is a distinct lack of treatments 

for blast-induced neurotrauma that are FDA approved. The absence of FDA-approved treatments 

likely is a result of a lack of understanding of the intricate neuropathology after TBI. 

Furthermore, TBI is not a “one size fits all” term as each injury results from different mechanical 

insults and progresses in a unique pattern. BINT sustained as a part of a polytraumatic episode is 

complex and has unique pathology. Blast-related traumatic brain injury in military personnel 

leads to long-term effects on the nervous system and is widely recognized as a risk factor in 

developing neuropsychological and neurodegenerative disease (Elder 2015). While the primary 

concern after BPT is to increase acute survival, secondary outcomes, such as mental health 

impairment, can be mitigated early if treatment addresses acute neuropathology (Shetty et al. 

2014).  
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6.1.2 Significance 

In order to address the need for a multipurpose treatment for blast trauma, a 

nanotherapeutic was designed to benefit both acute survival and neurological outcome. 

Functionalized hemostatic nanoparticles offer a wide variety of advantages compared to 

alternatives, such as increased biocompatibility and targeting of the injury site (Bertram et al. 

2009). Hemostatic nanoparticles have been shown to increase survival acutely in a mouse model 

of blast injury (Lashof-Sullivan et al. 2014). The acute recovery and anti-inflammatory actions of 

dexamethasone can enhance brain healing and mitigate secondary injury mechanisms. Currently, 

one recent study has highlighted the use of dexamethasone as a suitable treatment after blast, due 

to its beneficial effect on the BBB (Hue et al. 2015). As BBB dysfunction is a hallmark of BPT 

in this dissertation, this treatment could provide mitigation of secondary pathology in addition to 

alleviation of acute hypoxia. While hDNP have the potential to positively influence the subacute 

and chronic stages of injury, this has not been tested. An established polytrauma model that 

simulates severe injury, including PBLI and BINT, will be used to evaluate hDNP. It is possible 

that through prevention of both hypoxic and neuroinflammatory cascades, hDNP can mitigate 

cellular injury and improve cognitive outcomes. 

 

6.2 Literature Review 

6.2.1 The Amygdala 

To focus on alleviating anxiety after blast trauma, the amygdala was a major focus of this 

investigation.  The amygdaloid complex, located in the temporal lobe, exhibits structural 

diversity and consists of 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 (Sah et al. 2003, Murphy et al. 2012)(Figure 44):  

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  
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3) The centromedial group composed of the medial and central nuclei 

 

Figure 44. Nuclei of the Rat Amygdaloid Complex (Sah et al. 2003) 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 
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amygdala dorsal  subdivision; Mcv, medial amygdala ventral subdivision; Mr, medial amygdala rostral 

subdivision; Pir, piriform cortex; s.t., stria terminalis. 

Sah, P., E. S. Faber, M. Lopez De Armentia and J. Power (2003). "The amygdaloid complex: anatomy 

and physiology." Physiol Rev 83(3): 803-834. *Fair use 

In Figure 44, coronal sections are depicted from rostral (A) to caudal (D). The different 

nuclei are divided into three groups as described in text. Blue-shaded areas form part of the 

basolateral group, areas in yellow are the cortical group, and areas in green form the 

centromedial group.  

6.2.1.1 Connections 

The amygdala receives inputs from all sensory modalities: olfactory, somatosensory, 

gustatory and visceral, auditory, and visual. These inputs are largely from cortical and thalamic 

structures but also preside from memory-related structures. Inputs from the hypothalamus and 

brain stem are involved in behavior and autonomic system connections. The major source of 

sensory information to the amygdala is the cerebral cortex (Amaral et al. 2003, Davis et al. 

2003). Electrical stimulation of amygdala produces fear in humans and animals (Sah et al. 2003). 

Efferent outputs of amygdaloid nuclei have widespread projections to cortical, 

hypothalamic, and brain stem regions. Projections from the amygdala to cortical sensory areas 

originate in cortical and basolateral areas of the amygdala but are not profound. The perirhinal 

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

connections from periamygdaloid cortex (Aroniadou-Anderjaska et al. 2007, Johansen et al. 

2011). 

6.2.1.2 Functions 

The amygdala is involved in emotional responses, especially in fear and fear 

conditioning. These responses are characterized by freezing, release of stress hormones, and 

changes in blood pressure and heart rate which are elicited by activation of the autonomic and 

hormonal systems (Goldstein et al. 1996). Damage to this system can potentially initiate the 

neuropsycholigcal cascades in conditions such as PTSD, epilepsy, depression disorders, and TBI 

(Wilde et al. 2007, Johansen et al. 2011, Mahan and Ressler 2012). In some neurological disease, 
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such as TBI and PTSD, exacerbation of fear and anxiety through amygdalar hyperactivation 

occurs (Mahan and Ressler 2012, Walker et al. 2015). 

6.2.2 Clinical Presence of Anxiety after Blast Exposure 

Anxiety has been reported in military populations, both service members and Veterans 

(Armed Forces Health Surveillance 2013, Lovering et al. 2013, Kirsch et al. 2014). It has been 

shown that anxiety can affect performance in military tasks for service members (Nibbeling et al. 

2014) Clinical studies have shown that the amygdala is hyper-regulated after blast-related TBI, 

possibly linking neuropathology with elevated levels of anxiety in Veterans (Matthews et al. 

2012, Knutson et al. 2013). White matter integrity, assessed by diffusion tensor imaging, was 

reduced in individuals with major depressive disorder related to blast exposure (Matthews et al. 

2012). For service members and Veterans with PTSD, MEG activity in the amygdala has been 

shown to positively correlate with PTSD symptom scores (Huang et al. 2014). PTSD is often 

accompanied by symptoms such as anxiety. Prevalence of self-reported and clinician-rated PTSD 

symptoms was higher in Veterans with a history of TBI (Davis et al. 2013). Smaller amygdala 

volume is also associated with PTSD in Veterans (Morey et al. 2012). From the studies 

presented, amygdala dysregulation likely can cause anxiety and PTSD-like symptoms. 

6.2.3 Pre-clinical Assessments for Anxiety after Blast-induced Neurotrauma 

The presence of anxiety-like behavior has been reported in animal models of BINT. In a 

repeated blast exposure model, it was shown that repeated stressors compiled with repeated blast 

exacerbated anxiety levels, measured by the elevated plus maze, immediately after exposure 

(Kamnaksh et al. 2011). Anxiety, assessed by light and dark box and open field exploration, has 

also been reported three and seven days after mild blast exposure (Park et al. 2013, Sajja et al. 

2015). In a murine blast TBI model, anxiety was reported using the open field activity 

assessment at one week following a 170-275 kPa blast exposure (Heldt et al. 2014). A study 

examining the relation of blast exposure to PTSD in a rat model found increased anxiety 

parameters during the elevated zero maze assessment from repeated mild exposure, in the 

absence of psychological stressors (Elder et al. 2012). Chronic levels of increased stathmin-1, an 

essential protein in the proper development of fear responses, were reported at eight months after 

repeated mild blast exposure, which is responsible for fear responses (Elder et al. 2012). Anxiety 

and active avoidance were reported at one and three months after mild blast exposure, evidenced 
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by the light and dark box assessment (Sajja et al. 2015). In a rat model of mild blast TBI, 

minocycline, a non-steroidal anti-inflammatory drug, was administered and negated anxiety seen 

in injured animals at eight days post-injury, measured by the elevated plus maze (Kovesdi et al. 

2012).  

6.2.4 Amygdala Pathology after Blast-induced Neurotrauma 

The amygdala has been studied in blast-induced TBI studies and has relation to anxiety-

like behavior. Neuronal reduction within the amygdala and anxiety-like behavior was observed 

after 342-410 kPa blast exposure in a rodent model (Heldt et al. 2014). Also, elevated protein 

levels of tau and fetal liver kinase-1 (the receptor for VEGF) were observed in the amygdala 

after single mild blast exposure (Kamnaksh et al. 2012). Pressure dependence can also play a 

role in display of neurologic impairment and elevated glial activity and neurodegeneration 

(VandeVord et al. 2012). Five days after initiation of injury, astrocyte levels were increased 

within the amygdala in repeated mild TBI rat model along with increased levels of VEGF, which 

can be upregulated by hypoxic conditions and can regulate vascular permeability (Kamnaksh et 

al. 2011). Elevated levels of activated microglia and astrocytes have also been reported at seven 

days post-blast in the amygdala (Sajja et al. 2015). In a mild TBI model by Perez-Polo, et al., 

increased microglial activation was reported in the amygdala at six hours and 30 days after 

injury. They also observed BBB impairment in the hippocampus, but not the amygdala, at six 

hours after injury (Perez-Polo et al. 2015). Recovery of the BBB was noticed at 30 days after 

blast (Perez-Polo et al. 2015). At one and three months after mild blast exposure, astrocyte and 

microglia activation, as well as neuronal reduction, are reported (Sajja et al. 2015). These data 

provide evidence to help characterize amygdala pathology following blast exposure, yet little 

evaluation of treatment to alleviate this pathology has been conducted (Kovesdi et al. 2012).  

6.3 Methods 

6.3.1 Study Design 

The purpose of this pre-clinical study was to examine the role of hemostatic nanoparticles 

loaded with dexamethasone in a rodent blast polytrauma model. Utilizing a side-thorax 

orientation in the Advanced Blast Simulator (ABS), the rodents sustained whole body blast 

exposure (Hubbard et al. 2014). hDNP were investigated based on their immediate ability to 

assuage internal hemorrhaging in the lungs, as well as secondary effects on mitigation of 
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neuropathology. The outcomes measured were survival percentages, behavioral assays, and 

immunohistology. Rodents were randomly placed into treatment groups with the experimenters 

blinded until statistical analysis was completed. Sample sizes were based on power analysis and 

previous studies that observed effects using the hemostatic nanoparticles (Bertram et al. 2009, 

Lashof-Sullivan et al. 2014). Due to slight variability in experimental blast procedures and the 

sensitive threshold by which lung injury can cause lethality, a lower threshold of 183 kPa (26.5 

psi) static overpressure was applied to exclude animals from the study. This threshold was 

determined by the 50% lethality range of a weight-adjusted lethality curve established for this 

polytrauma model (Hubbard et al. 2014). Behavior and immunohistology outliers were excluded 

based on statistical analysis (± two standard deviations). For immunohistological assays, three 

brain sections per animal (four images at 20X per section) were taken and analyzed. 

Immunohistology for amygdala sections was quantified by investigators blinded to the treatment 

groups until statistical analysis.  

6.3.2 Experimental Design 

Detailed information for experimental procedures can be found in Hubbard, et al. 

(Hubbard et al. 2015). The Virginia Tech Institutional Animal Care and Use Committee 

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

Dawley rats (~325 g, Harlan Labs, San Diego) were acclimated to a 12 hour light/dark cycle with 

food and water provided ad lib. Animals were exposed to a single incident pressure profile 

resembling a ‘free-field’ blast exposure. The average peak static overpressure of the blast profile 

was at 191.1 ± 15.9 kPa (27.7 ± 2.29 psi) (BOP ± standard deviation) with positive duration at 

2.475 ± 0.16 ms and positive impulse at 150.8 ± 13.8 kPa.ms (21.86 ± 2.00 psi.ms). After 

animals were excluded based on 183 kPa (26.5 psi) threshold, peak static overpressure was 196.7 

± 10.4 kPa (28.49 ± 1.5 psi). All animals were randomly assigned to one of seven groups: 

hemostatic nanoparticles (hNP), hemostatic dexamethasone-loaded nanoparticles (hDNP), 

control nanoparticles (cNP), control dexamethasone-loaded nanoparticles (cDNP), Lactated 

Ringer’s (LR), Injury Only (IO) and sham. Prior to blast exposure, rats were anesthetized with a 

ketamine/xylazine solution, in accordance with the rodent weight, for sedation during blast. The 

shock front and blast overpressure were generated by a custom-built ABS with an end-wave 

eliminator (ORA Inc. Fredericksburg, VA) located at the Center for Injury Biomechanics at 
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Virginia Tech University. The ABS consists of a driving compression chamber attached to 

rectangular test section chamber with an end-wave eliminator.  

A peak static overpressure was produced with compressed helium and calibrated acetate 

sheets (Grafix Plastics, Cleveland, OH). Pressure measurements were collected at 250 kHz using 

a Dash 8HF data acquisition system (Astro-Med, Inc, West Warwick, RI) and peak overpressures 

were calculated by determining wave speed (m/s) at the specimen position. A mesh sling was 

used to hold the animal during the exposure that allowed for minimal hindrance of the wave 

through the tube, in addition to holding the animal in a prone position with the right side of the 

thorax facing the shock wave driver. The animal was not allowed to impact any solid surface in 

order to prevent secondary injuries and this was confirmed using high-speed video (Phantom 

Miro eX2, Vision Research). After blast exposure, animals were immediately injected with test 

solution (hDNP, cDNP, or LR; 500 μL total volume) via tail vein injection, confirmed by Evans 

blue (Chapter 4.7.5). Sham animals underwent all procedures except for blast exposure and tail 

vein injection. 

6.3.3 Open Field Test 

At seven days after blast exposure, animals underwent an open field thigmotaxis 

assessment as a standard test to assess anxiety (Carola et al. 2002, Bailey and Crawley 2009). 

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

Animals were acclimated in the open field box before the injury and two days after injury. The 

acclimation ensures that any anxiety-like traits would be due to the blast and subsequent injury 

progression. Activity changes were detected using EthoVision XT™ software tracking. 

Thigmotaxia, preference of proximity to walls, can expose fear of open, lit spaces and is 

displayed in animals with anxiety. Time spent along the chamber wall reflects an increased level 

of anxiety. Rats were videotaped for five minutes and avoidance of center square activity (i.e. 

anxiety-related behavior) was measured by determining the amount of time and frequency of 

entries into the central portion of the open field. 

6.3.4 Novel Object Recognition 

In order to assess spatial learning and short term memory, the animals underwent a Novel 

Object Recognition (NOR) test. The well-established NOR test was used to gauge rodent 

memory (Bevins and Besheer 2006, Davis et al. 2010). Briefly, animals undergo an acclimation 
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period two days prior to blast testing. This process was done to reduce stress and handling and 

increase familiarity with the testing environment (Besheer and Bevins 2000). Seven days 

following blast exposure, the animals underwent two trials with a delay of 20 minutes between 

each trial for short term memory evaluation. The first trial (T1) involved the exposure of animal 

to identical “familiar” objects for five minutes. In the second trial (T2), animals were exposed to 

a “familiar” object (same object used in the first task) and a “novel” object for five minutes. 

Trials took place in an opaque black acrylic box with dimensions 80 x 80 x 36 cm and animal 

behavior was tracked using EthoVision XT™ tracking software. Precautions were taken to clean 

the chamber between the trials and have the experimenter leave the room during the experiment 

(Bevins and Besheer 2006). For analysis, a discrimination index was calculated for each trial 

(time spent exploring the familiar object relative to the novel object divided by total time 

exploring objects during each trial). A ratio of 0.5 indicated equal exploration of both objects 

during the trial. Results were provided with statistical analysis of each assessment. 

 

Figure 45. Novel Object Recognition Paradigm 

6.3.5 Tissue Processing 

At seven days, animals were euthanized by transcardial perfusion of saline and 4% 

paraformaldehyde. Following collection, brains were stored in a 4% paraformaldehyde fixative 
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solution. After 48 hours in fixative, the whole brains were placed in 30% sucrose solution for 

tissue sectioning preparation.  Whole brains were embedded in Tissue-Tek® O.C.T. embedding 

medium (Sakura Finetek USA, Inc., Torrance, CA) for cryostat processing in the coronal plane. 

Samples were then cut (40 µm) and sections containing amygdala nuclei were isolated (Bregma: 

-2.28 mm). 

6.3.6 Immunofluorescent Staining 

Immunohistochemistry was performed on amygdalar sections (Bregma: -2.28 mm) to 

evaluate levels of: glial fibrillary acidic protein (GFAP; activated astrocytes), cleaved caspase-3 

(C3; apoptosis), ionized calcium-binding adaptor molecule-1 (IBA; microglia), endothelial 

barrier antigen (EBA/SMI-71; BBB integrity), HIF-1α, and VEGF. Samples were rinsed three 

times with PBS and incubated in 2% BSA in PBS for one hour at room temperature. Sections 

were then incubated with a primary antibody (Appendix C); anti-GFAP (1:500; Invitrogen, 

Carlsbad, California), anti-caspase-3 (1:500; Cell Signaling Technologies, Danvers, 

Massachusetts), anti-IBA-1 (1:500; Biocare Medical, Concord, California), anti-SMI-71 (1:250; 

Covance, Princeton, New Jersey), anti-HIF-1α (1:250; Novus Biologicals, Littleton, Colorado), 

or anti-VEGF (1:250; Santa Cruz, Dallas, Texas) overnight at 4ºC. Both primary antibodies were 

only labeled separately on different amygdalar sections. After a PBS wash, the samples were 

incubated for 1.5 hours with Alexa Fluor 594 anti-mouse IgG antibody, Alexa Fluor 555 anti-

rabbit IgG antibody, Alexa Fluor 488 anti-mouse IgG antibody, or FITC anti-rat IgG antibody 

(Invitrogen, Carlsbad, California). After three PBS washes (five minutes each), samples were 

mounted, air dried and coverslipped with prolong antifade gold reagent with 6-diamidino-2-

phenylindole (DAPI; Invitrogen, Carlsbad, CA). Sections were examined under Zeiss 

fluorescence microscope at 20X magnification under appropriate fluorescent filters and images 

were taken by Zeiss AxioCam ICc 1.  For all images, quantification (ImageJ software; NIH, 

Bethesda, MD) was based on fluorescence intensity after thresholding to eliminate background 

color.  

6.3.7 Flurojade-C Staining 

Sections of the amygdala were stained with Fluorojade-C (FJC) to identify degenerating 

neurons. This was completed with a kit from Biosensis (Thebarton, South Australia). Tissue 

sections were mounted on gelatin coated slides and dried. They were then incubated in the 
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solution of NaOH (Solution A) in 70% ethanol for five minutes. The sections were then 

transferred to 70% ethanol and distilled water for two minutes each. The sections were then 

incubated in a solution of potassium permanganate (Solution B) in distilled water and rinsed in 

distilled water. They were then incubated in a solution of FJC (Solution C) and DAPI (Solution 

D) in distilled water. Sections were then rinsed in distilled water thrice, air-dried, and placed on 

slide warmer until fully dry. The dry slides were cleared in xylene and mounted with DPX 

(Sigma-Aldrich Co. Ltd, St. Louis, MO). Sections were examined at 20x on a Zeiss microscope, 

and analysis was conducted. FJC+ neurons were counted by blinded technicians and the results 

were quantified. 

6.3.8 Statistical Analysis 

Statistical differences between the treatment groups were assessed with analysis of 

variance, or ANOVA, using LSD post-hoc test. All statistical analyzes were performed using 

JMP Pro 10 (SAS Institute, Cary, NC) and p < 0.05 considered statistically significant. Unless 

indicated otherwise, data are presented as mean ± standard error of the mean, or SEM. 

 

6.4 Results 

6.4.1 Anxiety Assay 

Two days following blast exposure, hDNP treatment contributed to improved behavioral 

outcomes over baseline data, in terms of open arena exploration. hDNP significantly increased 

time spent in the center of the arena (p<0.05) compared to cNP, LR, and the IO groups (Figure 

46A). At six days following blast exposure, the sham, hNP, and hDNP groups displayed 

significantly higher (p<0.05) exploration of the open center of the box compared to IO (Figure 

46A). Prevalence for the walls, relating to the thigmotaxic paradigm, was seen more in IO 

compared to the hDNP group in animal tracking over five minutes (Figure 46BC) indicative that 

the treatment decreased anxiety-like behavior. 
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Figure 46. A) Rodents injected with hDNP display increased open area exploration over time after 

blast. At two days post-blast, hDNP is significantly different from IO, LR, and cNP groups (*p<0.05). 

At six days post-blast, the Injury Only group is significantly different from Sham, hNP, and hDNP 

groups (*p<0.05). (B) Representative rodent tracking for five minutes at six days post-blast in the 

hDNP group. (C) Representative rodent tracking for five minutes at six days post-blast in the IO group. 

 

6.4.2 Novel Object Recognition 

At seven days post-blast, the sham group was significantly higher in fraction of time 

spent around the novel object (p<0.05) compared to LR, cNP, and hNP, though not significant 

compared to hDNP (Figure 47). Tracking of the nose point over five minutes demonstrates the 

sham group investigating the novel object a higher fraction of time spent at objects than control 

groups. 
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Figure 47. Fraction of time spent around the novel object in the T2 test. 

 

Figure 48. Animal tracking over five minutes. (Left) Sham animal spends more time with novel object 

(red circle). (Aggleton et al.) Animal spends less time around novel after injury and cNP treatment 

6.4.3 Astrocyte Activation 

Astrogliosis within the amygdala was significantly decreased after hNP treatment as 

compared to the IO (p<0.05) (Figure 50). The other control groups also presented with elevated 

GFAP levels, though not significantly different from hNP or hDNP. Images of GFAP staining in 

the amygdala depicted higher astrocytic activation with the IO compared to hNP (Figure 49), 

demonstrating that treatment with hNP reduced GFAP expression. 
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Figure 49. Representative images from the amygdala for GFAP (green images) from hNP, IO and 

Sham animals. 

 

Figure 50. Fluorescent intensity of GFAP staining, a marker indicating astrocytic activation. At seven 

days post-blast, hNP is significantly different from the IO group (*p<0.05). 
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6.4.4 Apoptosis 

Cleaved caspase-3 presence within the amygdala was significantly diminished with 

hDNP treatment as compared to the cNP and IO groups (p<0.05) (Figure 52). Representative 

images of cleaved caspase-3 levels in the amygdala depict more apoptosis occurring in the IO 

group compared to hDNP, showing less apoptosis in the amygdala after hDNP treatment (Figure 

51). 

 

Figure 51. Representative images from the amygdala for cleaved caspase-3 (shown as red) from hDNP, 

IO and Sham animals. 
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Figure 52. Fluorescent area for cleaved caspase-3, an apoptotic marker. At seven days post-blast, the 

hDNP group is significantly different from IO and cNP groups (*p<0.05) 

6.4.5 Microglia Activation 

IBA-1, marking microglia, within the amygdala was significantly decreased with IO 

treatment as compared to the hDNP group (p<0.05) (Figure 54). Representative images of IBA-1 

in the amygdala depict process retraction occurring in the IO group (Figure 53) compared to 

hDNP, showing a possible morphology shift due to blast that is avoided with hDNP treatment. 
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Figure 53. Representative images of the amygdala for IBA-1 from hNP, IO, and Sham animals. 

 

Figure 54. Fluorescent area for IBA-1. At seven days post-blast, the hDNP group was significantly 

different from IO and cNP groups (*p<0.05) 
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6.4.6 Blood-Brain Barrier Disruption 

The BBB analysis revealed that the hDNP treatment significantly improved 

cerebrovascular integrity as compared to the IO group (p<0.05) (Figure 56). Images of SMI-71, 

an antibody targeting endothelial barrier antigen, or EBA, of the BBB, showed higher levels of 

EBA+ vessels in the sham and hDNP groups compared to IO (Figure 55). Higher amount of 

EBA+ vessels indicates a higher number of BBB-competent vessels present in the amygdala 

after hDNP treatment. 

 

Figure 55. Representative images of the amygdala from hDNP, hNP, IO, and Sham animals. Injury 

Only sections contained lower number of SMI-positive vessels compared to hDNP and Sham groups. 
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Figure 56. Fluorescent Area of SMI-71, a marker for BBB integrity. At seven days post-blast, hDNP 

was significantly different from the Injury Only group (*p<0.05). 

6.4.7 HIF-1α Expression 

HIF-1α, indictor of hypoxic conditions, within the amygdala was not significant between 

groups (p>0.05) (Figure 58). Representative images of HIF-1α in the amygdala depict higher 

levels in the cDNP group (Figure 57) compared to hDNP and sham. 

 

Figure 57. Representative images of HIF-1α in the amygdala for hNP, cDNP, and Sham animals. 
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Figure 58. HIF-1α expression in the amygdala. Lower levels of HIF-1α were detected after hNP and 

hDNP treatment but no significance was determined. 

 

6.4.8 VEGF Expression 

VEGF expression within the amygdala was significantly increased (p<0.05) with IO 

treatment as compared to the sham and cDNP groups (Figure 60). Representative images of 

VEGF in the amygdala depict cells expressing high levels of VEGF in the IO group (Figure 59) 

compared to cDNP. 
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Figure 59. Representative images of VEGF in the amygdala for cDNP, IO, and Sham animals. 

 

Figure 60. VEGF expression in the amygdala. IO was significantly higher than the sham and cDNP 

groups (p<0.05). 
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6.4.9 FJC+ Staining 

FJC+ neurons, marker of neurodegeneration, within the amygdala was not significant 

(p>0.05) among treatment groups (Figure 62). Representative images of FJC in the amygdala are 

shown in Figure 61. 

 

Figure 61. Representative images of FJC in the amygdala for hDNP, cNP, and Sham animals. 
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Figure 62. FJC+ neuronal count in the amygdala. Lower levels of FJC+ were detected after hDNP 

treatment compared to IO but no significance was determined. 

 

6.5 Discussion 

This is the first study to provide evidence that subacute outcomes of blast injury improve 

following hDNP or hNP administration. The amygdala has been investigated following blast-

induced TBI and has been linked to the presentation of anxiety-like behavior both clinical and 

pre-clinical studies (Kamnaksh et al. 2011, Elder et al. 2012, Matthews et al. 2012, Sajja et al. 

2015, Huang et al. 2016). Neuronal reduction and glia activation/damage have been frequently 

reported in the amygdala after blast exposure (Kovesdi et al. 2012, Heldt et al. 2014, Perez-Polo 

et al. 2015, Sajja et al. 2015, Sajja et al. 2015). Hemostatic nanoparticle treatment reduced 

cleaved caspase-3 and GFAP at seven days after injury in this model, demonstrating 

improvements in neuropathology. The role of microglia after blast injury is still up for 

assessment but they have a distinct role in bTBI pathology (Xu et al. 2016). Vascular 

dysfunction after blast has been reported with activated microglia morphologies, including 

ameboid cells with retracted processes (Huber et al. 2016). This activated morphology with 

retracted processes and lower IBA-1 expression is speculated to occur in the amygdala in this 

BPT model, explaining lower fluorescent intensity after blast only. Another possibility is that 

microglia at this time point after injury were providing a necessary recovery response to the 
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injury. Recent findings suggest that microglia can be activated into two opposing phenotypes, 

M1 and M2 (Tang and Le 2016). The ratio of these phenotypes can guide the recovery process 

after injury and the repair process of M2 activation can elicit necessary neuro-recovery. Given 

this dual role (beneficial/detrimental) that microglia display after injury, it is possible that 

microglia are providing a necessary response to BPT, which is lacking in after IO (Loane and 

Byrnes 2010, Kumar et al. 2013, Cherry et al. 2014, Turtzo et al. 2014). 

Hypoxia is the principal regulator of VEGF expression (Liu et al. 1995, Krock et al. 

2011). VEGF, as a downstream marker, has caused BBB dysfunction in models of TBI (Okada et 

al. 1998, Skold et al. 2005). Levels of HIF-1α and VEGF in plasma were elevated at 42 days 

post-blast in a repeated mild model of TBI demonstrating long lasting effects of hypoxia and 

chronic regulation of vascular permeability by VEGF (Ahmed et al. 2013). In a blast TBI model, 

HIF-1α was elevated in serum at three days and one week post-blast, as well as after low 

intensity blast exposure in the serum at two hours, one day, one week, and one month post-blast, 

showing constant upregulation (Ahmed et al. 2015, Liu et al. 2015). Lower levels of HIF-1α as 

compared to controls were seen after BPT and hDNP treatment in this study although not 

significant. It is possible that HIF-1α levels peak before seven days, as downstream VEGF was 

elevated at this time point. VEGF, a factor in BBB disruption, levels were lower in treatment 

groups with dexamethasone, highlighting one potential avenue of BBB restoration.  

Neurodegeneration has been examined after blast-induced neurotrauma (de Lanerolle et 

al. 2011, Li et al. 2013, Sajja et al. 2015). While FJB+ neurons were not reported at three days 

and two weeks post-blast by de Lanerolle, et al. (de Lanerolle et al. 2011), others have reported 

positive staining at various time points (Li et al. 2013, Sajja et al. 2015). Neurodegeneration by 

FJB+ assessment was reported after repeated blast as well (Wang et al. 2011). In our model, 

FJC+ was not significant in this assessment at seven day post-blast between treatment groups, 

which was expected given that no differences occur between sham and IO. More time points 

should be assessed to garner if neurodegeneration is present in the amygdala after BPT. 

Along with secondary mechanisms of neuroinflammation and apoptosis, BBB disruption 

has been examined in blast-induced TBI studies (Readnower et al. 2010, Abdul-Muneer et al. 

2013, Hue et al. 2016). BBB impairment was reported in the hippocampus six hours after injury; 

however recovery of the BBB damage was noted by 30 days after blast (Perez-Polo et al. 2015). 
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It has been shown that there can be BBB disruption and increased permeability due to hypoxia 

(Kaur and Ling 2008), which occurred acutely in this full-body polytrauma model (Hubbard et 

al. 2015). Astrocytes play a large role in BBB health, as end-feet coverage is crucial for proper 

function and regulation. Clinically, compromise of astrocytic endfeet coverage of blood vessels 

in the brain has been reported in depressive disorders (Rajkowska et al. 2013). Disruption of 

brain microvasculature also impairs the ability for neuroglia to migrate, affecting the angiocrine 

signaling process (Dejana and Betsholtz 2016). The threshold of injury to the BBB has yet to be 

determined but reporting levels of blast exposure indicate BBB compromise, subsequently 

leading to debilitating neurological consequence (Abdul-Muneer et al. 2013, Yeoh et al. 2013). 

SMI-71, as a marker for BBB disruption, has been correlated with FITC-albumin infiltration 

(Pelz et al. 2013). Lower number of EBA+ vessels and stained vessel area were associated with 

regions of BBB dysfunction. Reduction of BBB disruption in the animals treated with hDNP 

suggests a mitigation of on-going pathology and quickly recovery of BBB function at seven 

days. This highlights the ability of hDNP to address initial primary injury to the BBB and 

persistent secondary opening of the BBB through dexamethasone release. 

The added benefit of alleviating anxiety-like behavior following blast was a significant 

finding and may have many translational opportunities. Many studies of blast-induced 

neurotrauma have shown that anxiety-like behavior is displayed in rodents after injury 

(Kamnaksh et al. 2011, Sajja et al. 2015, Heldt et al. 2014, Park et al. 2013, Elder et al. 2012). 

Anxiety-like behavior, exemplified by a higher ratio of time spent in dark, enclosed spaces, has 

been reported seven days, as well as at one and three months, after blast exposure (Sajja et al. 

2015, Sajja, et al. 2015). Other studies have shown that administration of treatment 

(minocycline) can reduce anxiety-like behavior seen in injured animals at eight days post-injury 

(Kovesdi et al. 2012). In our study, the reduction in elevated thigmotaxia, representative of 

anxiety, at multiple time points after injury in the animals treated with hDNP is a promising 

result for the therapeutic to have an impact on neurological recovery. 

There have been several clinical studies reporting that Veterans suffering from major 

depressive disorder following blast exposure, as well as individuals with PTSD, displayed 

amygdalar hyperactivity (Matthews et al. 2012, Huang et al. 2016). Veterans with history of TBI 

have been shown to display an increase in clinician-rated PTSD symptoms (Davis et al. 2013). 
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Blast-related TBI has been associated with anxiety disorders and symptom crossover with 

combat-associated PTSD (Trudeau et al. 1998, Vanderploeg et al. 2012). Neurological 

symptoms, especially those with emotional impairment, are a major concern for quality of life in 

returning soldiers and Veterans. Directing therapeutics towards reduction in anxiety is needed for 

military personnel and civilians after a traumatic event. 

Short-term memory loss has been widely documented in blast-induced neurotrauma 

studies (Cernak et al. 2001, Ahlers et al. 2012, VandeVord et al. 2012, Cho et al. 2013, Sajja et 

al. 2014, Sajja et al. 2014, Shetty et al. 2014, Perez-Polo et al. 2015). Repeated low blast 

exposure (36 kPa) in a lateral orientation blast model demonstrated no learning deficit on the 

Morris water maze task, though lower retention of conditioned fear was reported in a 117 kPa 

lateral exposure (Ahlers et al. 2012). Rats with entorhinal cortex lesions show poor 

discrimination of the novel objects (Aggleton et al. 2010), thus this test can reflect damage to the 

entorhinal cortex, which has anatomical proximity to the amygdala. NOR results in this study 

demonstrated hNP, cNP, and LR groups choosing to explore the familiar object during T2, 

marked by a significant lower exploration of the novel object compared to sham. Values were 

less than 0.5, which is an unbiased result. After TBI, novelty aversion has been reported in 

animals at seven days post-injury (Darwish et al. 2014). This seems to be occurring in this model 

since many groups underperformed compared to the 0.5 benchmark. Novelty aversion, relating 

to anxiety-like behavior, seems to mask any effects of blast exposure on memory impairment 

with the NOR test.  

The therapeutic effect of dexamethasone has been previously investigated in other injury 

models (Araz et al. 2013, Hubbard et al. 2015, Lee et al. 2015). In an Alzheimer’s Disease 

model, dexamethasone has been shown to reduce inflammation due to amyloid beta in the 

cerebrovasculature (Previti et al. 2006). A review by Obermeier et al. deemed 

glucocorticosteroids (GC) as the only applicable BBB therapeutic (Obermeier et al. 2013). 

Dexamethasone, an anti-inflammatory GC, inhibits matrix metalloproteinase (MMP) and 

consequently improves vessel wall integrity by preserving BBB components (Forster et al. 

2007).  In an in vitro model of primary blast injury, BBB restoration occurred via GC receptor 

signaling by dexamethasone (Hue et al. 2015). Dexamethasone also attenuated astrocytosis 

around neural prosthetic devices after peripheral injection and local delivery through polymers 
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(Shain et al. 2003). Hemostatic nanoparticles have been used in treatment of acute hemorrhaging 

in injury models (Bertram et al. 2009, Shoffstall et al. 2012, Lashof-Sullivan et al. 2014). This 

research is the first to examine dexamethasone’s effect in a rodent model of blast trauma. In the 

current study, hDNP provided benefits over hNP in terms of reducing BBB dysfunction and 

apoptosis. Dexamethasone has promising therapeutic benefit in restoring BBB after trauma and 

likely played a role in BBB recovery in this model (Hue et al. 2015, Lee et al. 2015). In addition 

to providing enhanced coagulation, hDNP also release dexamethasone at the injury site, 

pinpointing areas that need anti-inflammatory therapy that can repair BBB damage.  

While hNP have a role in reduction of lung injury, there is also potential that its direct 

therapeutic action benefits recovery in the brain. The model in this study consists of a higher 

blast exposure in a lateral orientation, which is understudied in terms of the effect on specific 

brain regions. Overpressure dependence also is known to play a role in neurologic impairment, 

elevated glial activity and neurodegeneration following blast (VandeVord et al. 2012, Sajja et al. 

2015, Mishra et al. 2016). In a model of primary blast-induced neurotrauma, lateral blast 

exposure, similar to the model examined in this study, to the rodent head resulted in lesions in 

both hemispheres of the brain (Yeoh et al. 2013). This finding was dependent on peak blast 

overpressure but independent of time point, demonstrating on-going BBB disruption in the 

amygdala (Yeoh et al. 2013). Primary interaction of hemostatic nanoparticles in the amygdala is 

proposed to reduce microhemorrhaging, or capillary rupture of BBB, in order to promote BBB 

recovery at seven days and mitigate neuroinflammation measured by astrogliosis.  

Since animals treated with cDNP had higher levels of astrogliosis and BBB disruption 

compared to the hDNP-treated animals, the targeting ability of the nanoparticles is a key event 

for successful management of the complex injury. One mechanism of indirect therapeutic benefit 

is the restoration of oxygen saturation by administration of hNP acutely after blast exposure 

(Hubbard et al. 2015). This could potentially reduce secondary mechanisms, such as 

upregulation of HIF-1α, in the brain after injury. Although there is no significance in HIF-1α 

levels at seven days post-blast, we hypothesize that these levels differ in hNP compared to 

controls in the acute stage after injury. 
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6.6 Conclusion 

In addition to the benefits shown in this polytrauma model, another advantage of hNPs is 

that they are translatable to larger animal models in order to optimize for clinical use. If hNPs 

were used clinically, they would become the first therapeutic option for treating internal 

hemorrhaging. While this study highlights the advantages of hNPs in treating blast injuries, this 

novel formulation could prove useful in treating a very broad spectrum of traumatic injuries 

(Bertram et al. 2009, Lashof-Sullivan et al. 2014).  

In conclusion, the vascular injury observed in the brain implies that blast-induced 

neurotrauma has a unique pathology that requires different therapeutics compared to impact-

related TBI (Yeoh et al. 2013). Hemostatic nanoparticles are effective in increasing survival in a 

rodent model of blast trauma. In addition to immediate effects, hDNPs improve neurological 

recovery in the amygdala and mitigate injury pathology likely through indirect and direct 

interaction. While more studies are needed to assess benefits of hemostatic nanoparticles after 

injury, the results are promising in route to identifying a life-saving and quality of life enhancing 

treatment for traumatic injury. 

6.7 Future Directions 

Given that anxiety-like behavior was seen in the open field assessments, additional 

behavioral assays, such as the light-and-dark box test, should be performed to validate and 

determine the extent of anxiety-like behavior. Also, the NOR assessment was deemed unfruitful 

in determining whether memory loss was displayed after injury and whether the nanoparticle 

treatment improved any impairment. A multi-assay behavioral approach should be conducted to 

assess memory levels to provide more information. Specifically, using a battery of spatial 

memory/learning assessment, such as the t maze or radial arm maze, and recognition memory 

tests would provide a detailed evaluation of memory function (Vorhees and Williams 2014). 

Since our assessment of the therapeutic effect was only evaluated at one week after 

injury, further studies are vital for determining the dynamic recovery phase with hDNP 

administration. While examining secondary neuropathology proved to be an important aspect of 

this study, looking at acute biomarkers to ascertain specific mechanisms of therapeutic benefit 

after polytrauma is needed. Hypoxia has been shown to extend until at least three hours post-

blast after PBLI (Irwin et al. 1997, Knoferl et al. 2003). Examining the first emergence of HIF-
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1α after injury (four hours post-blast) and the daily progression will demonstrate if this pathway 

is crucial to injury progression and a therapeutic target. In order to garner the full therapeutic 

benefit, more time points will be assessed after injury and therapeutic intervention. Proposed 

time points would be four, 24, and 48 hour after injury. Determining the extent of BBB 

disruption and whether its presentation is continuous, biphasic, or even tri-phasic is valuable 

information for tailoring treatment for BPT (Baskaya et al. 1997). Assessing multiple time points 

would give insight into whether hDNP have a direct, indirect, or combined therapeutic 

mechanism. BBB disruption can be a primary or secondary pathology after blast (Shetty et al. 

2014). Acute evaluation of hNP, at four hours and 24 hours after injury, and the effect on BBB 

can determine the extent of direct interaction in the brain.  

Another limitation to this study is that the nanoparticles were given immediately after 

injury as a proof of concept. Since immediate injection if not always feasible after traumatic 

injuries occur, injection should be delayed to simulate real-world applications. Additional studies 

to assess maximum time allowable before injection are needed to determine the therapeutic 

window after injury is sustained. Current protocols for management of bleeding after major 

trauma call for intervention as soon as possible (Spahn et al. 2013). While there are certain 

crucial stages of traumatic mortality, treatment of bleeding is crucial during the first hour after 

injury (ATLS). In this research, injection was given within five minutes of injury. Injection of 

the nanoparticles at short time frame (15, 30, 45, and 60 minutes) as well as delayed time frame 

(12 and 24 hours) after injury in a future study would demonstrate how long of a therapeutic 

window there is after injury.  
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Chapter 7: Summary 

Collectively, the results presented provide evidence that hemostatic nanoparticles have 

the ability to reduce hemorrhage and increase survival in a rodent model of blast polytrauma. 

While hDNP mitigated hemorrhage that could have led to mortality, the benefits of hDNP are 

multi-faceted. Through BBB restoration (increased SMI-71), hDNP were shown to mitigate 

cellular injury and improve cognitive outcomes. Dexamethasone has also been implicated in 

BBB repair (Obermeier et al. 2013). Neuroprotective drugs capable of halting or mitigating 

secondary changes following blast, such as BBB disruption, may ease the development of 

subsequent neurological and neuropsychiatric impairments such as cognitive problems, non-

specific mental and emotional symptoms, and PTSD (Shetty et al. 2014). hDNP are a potential 

therapeutic for administration in a clinical or combat setting after traumatic injury. hDNP could 

also serve as an agent to prevent subacute and chronic inflammatory pathways and subsequently 

improve neurological function. 

The Defense Health Agency reported that from 2001-2011 over 80% of potentially 

survivable deaths from service members killed inaction were due to hemorrhage (Office 2013). 

There is an unmet need for technologies to control bleeding in the pre-hospital environment. 

Translation would provide a viable option for mitigation of internal bleeding, which contributes 

to alleviation of on-going injury mechanisms. While these nanoparticles have been tested in 

mouse and rat models of injury and polytrauma, more testing is needed in the rodent model to 

fully characterize the injury and therapeutic benefits. Eventually, larger animal models would be 

utilized when relevant evaluation is completed in the rodent model of blast polytrauma. A newly 

developed Gӧttingen minipig injury model would be a logical next step as it has similar 

neuroanatomy to a human, such as a pronounced falx cerebri, a gyrencephalic (containing gyri 

and sulci) brain, and a brainstem that exits at an angle, so conditions for blast loading to the brain 

would more closely resemble the human condition (Fievisohn et al. 2014). Physiology and the 

cardiovascular system in pigs are comparable to humans and swine models are commonly 

utilized in models of uncontrolled bleeding (Alam et al. 2011, Frink et al. 2011). In addition, pigs 

are often used as models for blood coagulation and fibrinolysis research for human comparison 

(Olsen et al. 1999, Munster et al. 2002, Sondeen et al. 2013). One disadvantage for using in a 

swine model is that pigs are sensitive to complement activation related pseudoallergy after 
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polymeric nanoparticle infusion (Fairbairn et al. 2011). Complement activation related 

pseudoallergy can be catastrophic and the mechanisms of its development and mitigation of this 

pseudoallergy after nanoparticle administration is needed before clinical translation (Lashof-

Sullivan et al. 2013). In addition to this immune response, blood circulation time and stability of 

nanoparticles need optimization before clinical translation (Lashof-Sullivan et al. 2013). After 

these limitations are addressed, dosing requirements for larger animals and humans will need to 

be optimized based on efficacy and safety. After these conditions are met, Phase II and III trials 

are conducted to explore efficacy and safety and if the trials succeed an application is submitted 

for FDA approval (Ciociola et al. 2014). 

7.1 Clinical Relevance 

Clinical management of polytrauma has developed and changed throughout the years. 

The Advanced Trauma Life Support, or ATLS, protocol is currently used in many European 

countries and emphasizes a structured approach to treating polytrauma (Stahel et al. 2005). The 

ATLS protocol is focused on providing a standard procedure algorithm for the assessment and 

management of patients with polytrauma and puts emphasis on diagnostic and therapeutic 

protocols during the first minutes to hours after injury (ATLS 2004). The three stages of trauma-

associated mortality are sudden death, early mortality, and delayed mortality. Sudden death 

mortality, such as aortic rupture, is almost always not preventable. Delayed mortality occurs 

weeks after initial trauma and is usually due to sepsis or organ failure. Early mortality occurs in 

the first hours after trauma and prehospital management is crucial. In general for trauma, the risk 

of mortality is highest immediately after injury and decreases with time (Spahn et al. 2007).Out 

of the three main time points of traumatic mortality, hNP treatment could have the largest impact 

on early mortality during the “golden hour” (ATLS). Intrathoracic bleeding that induces 

hemorrhagic shock is difficult to treat and most emphasis in the ATLS protocol is focused on 

fluid resuscitation and oxygen support which is commonly used because there is a lack of 

hemostatic therapies to prevent bleeding (ATLS 2004). Most protocols in trauma management 

focus on replacing blood and blood components that are lost through hemorrhage (Katsu et al. 

2010). If hemostatic nanoparticles are translated for human use, it could completely change 

trauma management and allow for more focus on other concerns. 
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hNPs have the potential to revolutionize treatment of injuries in the battlefield. Primary 

blast injury hallmarks, such as internal barotrauma in the absence of external wounds, as caused 

by multiple biophysical processes, such as inertia, spalling, and implosion. These invisible 

injuries are hard to diagnose immediately after injury. The specific application for internal 

injuries can save many lives, as well as improve quality of life for those wounded. hNPs are 

effective even when stored at high temperatures and are stable for several weeks in dry form 

(Lashof-Sullivan et al. 2016). This is important when considering treatment in battlefield 

conditions. 

7.2 Innovation of the Study 

Incidence of blast polytrauma has increased due to acts of terrorism and will continue 

with unrest in the world. Moreover, it is possible that primary blast polytrauma is under-

diagnosed due to other external injuries that are higher on the list of traumatic care. Since 

polytrauma occurs in high level blast exposure, it is likely that secondary and tertiary blast 

injuries occur as well. 

While some studies have examined polytrauma from blast using pre-clinical models 

(Skotak et al. 2013, Mishra et al. 2016), there is a lack of studies that examine polytraumatic-

specific mechanisms of neuropathology. Blood-brain barrier disruption was found in both 

models but its injury mechanism is not understood. Studies of blast-induced neurotrauma have 

identified hypoxia as a factor in BBB dysfunction (Ahmed et al. 2013, Kovacs et al. 2014) but 

this had yet to be examined after BPT. A more thorough understanding of this injury pathology 

is vital for military and civilian populations to direct treatments.  

A therapy to address multiple symptoms would be highly valuable for BPT and possibly 

other polytraumatic injuries. Mitigation of hemorrhage after PBLI is needed to increase survival 

in addition to reduced secondary neuropathology. Hemostatic dexamethasone-loaded 

nanoparticles have the ability to fill both needs through enhanced coagulation at the injury site 

and release of dexamethasone over several days. Dexamethasone has been shown to promote 

BBB restoration in an in vitro model of blast neurotrauma (Hue et al. 2015). The dynamic ability 

of the nanoparticles to have multiples mechanisms of therapy makes them a suitable option for 

polytraumatic treatment. As coagulation enhancers, hemostatic nanoparticles have the 

opportunity to revolutionize pre-hospital management for blast-induced polytraumatic injuries. 
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7.3 Contributions to the Field 

Publications from this dissertation are summarized in Table 4. 

 

Table 4. Hubbard Publications 

Chapter Title Journal 

2 Examining Lethality Risk for Rodent 

Studies of Primary Blast Lung Injury 

Biomed Sci. Instrumentation 

2014; 50:92-99 

3 Neuropathology of Blast-Induced 

Polytrauma 

Journal of Neurotrauma – Estimated 

Submission November 2016 

5 Steroid-Loaded Hemostatic 

Nanoparticles Combat Lung Injury 

after Blast Trauma 

ACS Macro Letters 

2015; 4(4):387-391 

6 Injury-targeting Hemostatic 

Nanoparticles Increase Survival and 

Alleviate Anxiety in a Rodent Blast 

Trauma Model 

Science Translational Medicine – In 

Preparation 
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 Appendix A: Details of Blast Model 

 

For blast exposure of 195 kPa peak static overpressure at the location of the animal, a 

combined membrane thickness of 0.070 inches was used. This consisted of three sheets of 0.02 

inch acetate membrane with one sheet of 0.01 inch acetate membrane. Passive rupture of the 

acetate membrane resulted in complete fracture seen in Figure 63. 

 

Figure 63. Acetate membrane rupture after blast. 

A mesh sling was used to hold the anesthetized animal during blast exposure. This 

harness was tethered to three fixed points outside of the tube to restrict motion but provide give 

so the animal is not experiencing tertiary blast exposure of blunt impact against rigid structure. 

An image of the sling without an animal is seen in Figure 64. 
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Figure 64. Animal harness in blast tube test section. 

A darker colored sling was used during motion analysis to contrast the bright marker of 

sling/rodent position. Phantom Miro Ex2 camera with Pentax C60812 (1/2 inch, 8 ~ 48 mm focal 

length, Manual Iris, C mount, 1.0 F-stop) lens was used to capture videos of animal motion 

during lateral blast exposure. Details include: sample rate = 1000 fps; resolution = 640 x 480; 

exposure = 990 µs. A manual capture trigger was used at time of blast. 

The blast overpressure and blast wind create lateral motion of the sling. In order to 

confirm that the animal does not impact any surface of the tube, this motion was quantified. For 

the blast exposure in Figure 65, the lateral motion with respect to the initial position towards the 

back of the tube was 3.78 inches. The lateral motion occurring upon descent back towards the 

front of the tube was 2.58 inches with respect to the initial position. Total range of motion was 

6.36 inches after blast. Since motion in the y-axis had a range of only 0.48 inches, it was 

determined that there was no potential for impact against the tube wall. The average range of 

lateral motion was 5.49 ± 0.71 inches. Average motion in the y-axis was 0.53 ± 0.48 inches. 
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Figure 65. Marker of lateral motion of animal harness. 
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Appendix B: Gross Brain Injury in Blast Polytrauma 
 

Out of 240 blast exposures conducted, only four animals were reported to have 

intracranial hematomas (Table 5). High speed video was used to ensure only primary injury was 

sustained during blast exposure.  

Table 5. List of Animals with Intracranial Hematomas 

Animal 

Number 

Injection Membrane 

Combination 

Used 

Static 

Overpressure 

from Wave 

Speed 

Calculation 

(kPa) 

Wave 

Speed 

(m/s) 

Survival 

Time 

Intracranial 

Hematoma 

Sustained 

213 cNP 20-20-20 189.12 554.5455 Death 

(12 min) 

Subdural 

316 hDNP 20+20+20+15 232.91 595.7031 Death 

(10 min) 

Subarachnoid 

373 LR 20+20+20+15 207.95 575.4717 Death 

(10 min) 

Subarachnoid 

537 cDNP 20+20+20 203.26 569.0299 Alive   

(7 days) 

Subdural 

 

In a lateral blast exposure model with 117 kPa exposure, 30% of rats tested had evidence 

of subdural hemorrhage and cortical contusions (Ahlers et al. 2012). The brain, without 

perfusion, sustained subdural hematoma (Figure 66). Cross-section showed blood underneath the 

dura. Evans blue dye binds to albumin after entering the bloodstream and afterwards was not 

permeable across blood vessels in normal conditions. In Figure 66, a perfused brain showed 

Evans blue dye still present, confirming that a hematoma had occurred.  
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Figure 66. (A, B) Rodent exposed to 189 kPa static overpressure blast and injected with cNP. (C) 

Rodent exposed to 203 kPa and injected with cDNP.  

 

Two animals presented with subarachnoid hematoma seen with blood in subarachnoid 

space. The animal in Figure 67A was exposed to 233 kPa static overpressure blast while the 

rodent in Figure 67B was exposed to 208 kPa static overpressure blast. Figure 67C was a sham 

brain (0 kPa exposure). One model of primary blast in ferrets determined that hematomas were 

present in the brain at high level blast exposure (Rafaels et al. 2012). In a model of direct cranial 

blast injury, exposure at 400 kPa created subarachnoid hemorrhage in the brain (Kuehn et al. 

2011). Since this is the first study of high level lateral full-body blast exposure, there were no 

findings in the literature similar to these. 

A B 

C 
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Figure 67. Brain cross-sections with arrows pointing to areas of hemorrhage. (A) Rodent exposed to 

233 kPa static overpressure blast and inject with hDNP. (B) Rodent exposed to 208 kPa static 

overpressure blast and injected with LR. (C) Sham rodent brain.  

  

A B C 
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Appendix C: Primary Antibody List 

 

Table 6. List of Primary Antibodies 

Description Antibody 

Secondary 

Antibody Dilution 

Company 

Name 

Catalog 

Number 

Systemic 

Inflammation Anti-TNF-α 

Alexa Fluor 

488 1:500 Abnova 

H00007124-

M03 

BBB Disruption Anti-SMI-71 

Alexa Fluor 

594 1:250 Covance 

836801 

(previously 

SMI-71R) 

Astrocyte 

Activation Anti-GFAP FITC 1:500 Invitrogen 130300 

Microglial 

Activation Anti-IBA-1 

Alexa Fluor 

555 1:500 

Biocare 

Medical CP290A 

Programmed 

Cellular Death 

Anti-Caspase-

3 

Alexa Fluor 

555 1:500 

Cell 

Signaling 

Technology 9661L 

Hypoxia Anti-HIF-1α 

Alexa Fluor 

488 1:250 

Novus 

Biologicals NB100-131 

Angiogenesis Anti-VEGF 

Alexa Fluor 

594 1:250 Santa Cruz Sc-507 

Astrocytic End-

feet Anti-AQP-4 FITC 1:250 Santa Cruz Sc-20812 
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Appendix D: Matlab Code 

 

Logistic Regression 

 

clc; clear 

%input static overpressure values in psi 

k = [19.64, 19.15, 22.69, 20.34, 23.84, 19.89, 20.64, 19.44, 19.44, 20.9, 

19.64, 19.39, 23.52, 25, 25, 23.84, 22.59, 21.1, 26.18, 26.5, 23.42, 25.59, 

27.26, 27.753, 24.8385, 25.7665]'; 

%convert values to kPa 

x=6.89475.*k; 

%establish x-axis range for the graph 

r=[50:300]; 

%literature pressure values 

litpress=[61,130,190,230,250,290,165,120,118,118,86,112,76,76,73,62,62,136,12

9,83,62]; 

%lethality risk corresponding to pressure values 

litrisk=[0,0,.3,0,.24,1,.35,.1,.08,.25,0,0,.1,.1,.05,0,0,0,.5,0,0]; 

%lethality outcome from static overpressure values 

y = [0, 0, 0, 0, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 1, 1, 0, 0, 1, 1, 0, 0, 1, 1, 

1, 1]'; 

%logistic regression function 

[b, dev, stats] = glmfit(x,y,'binomial','link','logit'); 

%lethality risk values for each overpressure 

yfit = glmval(b, x,'logit'); 

%plot categorical experimental values 

plot(x, y,'o') 

%sort through values 

a=sort(x); 

d=sort(yfit); 

hold on 

%plot sorted values 

plot(a, d,'c-') 

hold on 

%plot logistic regression 

P=1-(1./(1+exp(b(1)+(b(2).*r)))); 

plot(r,P,'r') 
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%plot literature values 

plot(litpress,litrisk,'o') 

 

Receiver Operating Characteristic Curve 

clc; clear 

%load static overpressure values 

k = [19.64, 19.15, 22.69, 20.34, 23.84, 19.89, 20.64, 19.44, 19.44, 20.9, 

19.64, 19.39, 23.52, 25, 25, 23.84, 22.59, 21.1, 26.18, 26.5, 23.42, 25.59, 

27.26, 27.753, 24.8385, 25.7665]'; 

x=6.89475.*k; 

% load literature values 

litpress=[61,130,190,230,250,290,165,120,118,118,86,112,76,76,73,62,62,136,12

9,83,62]'; 

litrisk=[0,0,.3,0,.24,1,.35,.1,.08,.25,0,0,.1,.1,.05,0,0,0,.5,0,0]'; 

  

%input lethality outcomes  

y = [0, 0, 0, 0, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 1, 1, 0, 0, 1, 1, 0, 0, 1, 1, 

1, 1]'; 

% glmfit 

b = glmfit(x,y,'binomial');   

% logistic regression 

p = glmval(b,x,'logit');      

% fit probabilities for ROC 

[X,Y,T,AUC] = perfcurve(y,p,1); 

% plot ROC 

plot(X,Y) 

xlabel('False positive rate'); ylabel('True positive rate') 

title('ROC for classification by logistic regression') 

  

hold off 

b = glmfit(litpress,litrisk,'binomial','link','probit');   

% logistic regression for literature values 

p = glmval(b,litpress,'probit');      

% fit probabilities for ROC 

[X,Y,T,AUC] = perfcurve(litrisk,p,1); 

% plot ROC 
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plot(X,Y,'r-.') 

xlabel('Specificity'); ylabel('1-Sensitivity') 

title('ROC for classification by logistic regression') 
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