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ABSTRACT 

Blast-induced neurotrauma (BINT) is a prevalent brain injury within both military and civilian 

populations due to current engagement in overseas conflict and ongoing terrorist events 

worldwide. In the early 2000s, 78% of injuries were attributable to an explosive mechanism 

during overseas conflicts which has led to increased incidences of BINT [1a]. Clinical 

manifestations of BINT include long-term psychological impairments which are driven by the 

underlying cellular and molecular sequelae of the injury. Development of effective treatment 

strategies is limited by the lack of understanding on the cellular and molecular level [2a]. The 

overall hypothesis of this work is that epigenetic regulatory mechanisms contribute to the 

progression of the BINT pathology and neurological impairments. Epigenetic mechanisms, 

including DNA methylation and histone acetylation, are important processes by which cells 

coordinate specific response to environmental stimuli. To date, the role of epigenetics in BINT 

remains largely unknown. 

To test this hypothesis, an established rodent model of BINT was employed [3a]. Analysis of 

DNA methylation, which is involved in memory processes, showed decreased levels one week 

following injury which was accompanied by decreased expression of DNA methyltransferase-1, 

which is responsible for facilitating the addition of methyl groups to DNA. The one week time 

point also showed dramatic decreases in histone acetylation which correlated to a decline in 

memory. This change was observed in astrocytes and may provide a mechanistic understanding 

of blast-induced reactive astrocytosis.  

Diagnosis of BINT has proved clinically difficult, but recent studies have begun developing 

biomarkers as diagnostic tools. An accumulation of cell-free nucleic acids were measured within 

the cerebrospinal fluid one month after injury. Concentrations of these molecules shows promise 

in discriminating between injured and non-injured animals. Importantly, these moleculare are 



 

 

also susceptible to methylation processes and provide an epigenetic biomarker. Such a biomarker 

may provide improved specificity and clinical relevance upon proper characterization. 

To date, the diagnostic and therapeutic efforts of BINT have been limited by the lack of a 

mechanistic understanding of the injury. This work provides novel diagnostic and therapeutic 

targets and the clinical potential has been demonstrated. 
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General Audience Abstract 

 

Blast-induced neurotrauma (BINT) is a prevalent brain injury within both military and civilian 

populations due to current engagement in overseas conflict and ongoing terrorist events 

worldwide. In the early 2000s, 78% of injuries were attributable to an explosive mechanism 

during overseas conflicts which has led to increased incidences of BINT [1a]. Clinical 

manifestations of BINT include long-term psychological impairments which are driven by the 

underlying cellular and molecular sequelae of the injury. To date, the development of effective 

treatment strategies has been unsuccessful. The work described herein seeks to evaluate the 

specific cellular mechanisms that contribute to the progression of the BINT pathology and 

neurological impairments. Epigenetic mechanisms are regulatory mechanisms that coordinate 

DNA modifications and DNA storage to facilitate altered cellular phenotypes. DNA 

modifications often involves DNA methylation, which is the addition of methyl groups to the 

DNA backbone. DNA storage is regulated by specific modifications to histone proteins. Histone 

acetylation is a well-studied modification process that is capable inciting either chromatin 

relaxation or compaction. Both DNA methylation and histone acetylation are important 

processes by which cells coordinate neurological and cellular response to environmental stimuli. 

To date, the role of epigenetics in BINT remains largely unknown. 

An established rodent model of BINT was employed [3a]. Analysis of DNA methylation, which 

is involved in memory processes, showed decreased levels one week following injury which was 

accompanied by decreased expression of one of the enzymes responsible for facilitating the 

addition of methyl groups to DNA. The one week time point also showed dramatic decreases in 

histone acetylation which correlated to memory impairment. This change was observed in 

astrocytes which are support cells in the brain and are particularly vulnerable to blast-induced 
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aberrations. Drug administration, targeting the histone acetylation equilibrium, successfully 

mitigated astrocyte activation and altered the behavioral phenotype.  

Diagnosis of BINT remains clinically challenging. An accumulation of cell-free nucleic acids 

was observed the in cerebrospinal fluid one month after injury. Concentrations of these 

molecules shows promise in discriminating between injured and non-injured individuals. These 

nucleic acids are susceptible to DNA methylation and may provide a platform for studying 

epigenetic biomarkers. 

To date, the diagnostic and therapeutic efforts of BINT have been limited by the lack of a 

mechanistic understanding of the injury. This work provides novel diagnostic and therapeutic 

targets. The potential clinical impact on diagnosis and therapeutic intervention has been 

demonstrated. 
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Chapter 1. Introduction 
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1.1 Significance 

Blast-induced neurotrauma (BINT) is a prevalent injury within both military and civilian 

populations due to engagement in current overseas conflict and ongoing terrorist events 

worldwide. Brain injury from military conflict is accompanied by high rates of morbidity and 

absorbs billions of dollars [1]. Clinical manifestations include long-term cognitive and 

psychological impairments in absence of external signs of injury. As such, no efficient diagnosis 

or treatment strategies exist and the injury mechanisms are poorly understood.  

Clinical symptoms are driven by the molecular sequelae of the injury which involves oxidative 

stress, blood brain barrier (BBB) compromise, and chronic neuroinflammation. The 

inflammatory response following BINT has been characterized by diffuse reactive astrocytosis 

[2-6]. In the acute stages of injury, astrocyte activation serves neuroprotective efforts, but 

chronic activation has been linked to neurodegeneration and cognitive impairments [7-9].  

Epigenetic regulation of transcription involves modifications to DNA (DNA methylation) and 

DNA storage (histone acetylation). These regulatory mechanisms serve important purposes in 

regulating gene expression and cellular function and have been shown to be susceptible to 

environmental factors, including injury. Epigenetic factors have been implicated in neurological 

processes such as learning and memory [10-16] as well as astrocyte function [17, 18]. Anti-

inflammatory drugs have been investigated as a treatment option for brain injury but have been 

met with limited success due the poor mechanistic understanding of the injury [19]. These drugs 

have only shown efficacy in the acute stages following injury but anti-inflammatory effects are 

lost in the later stages of the injury. Better knowledge of the inflammatory responses and 

mechanisms is needed to aide in drug design [19]. Therefore, discovering changes to DNA 

methylation, histone acetylation, and the surrounding signaling cascades could elucidate novel 

therapeutic strategies and targets to control neuroinflammation. 

Despite much work, diagnosis of brain injury also remains clinically challenging, especially for 

mild BINT. Biomarkers offer a potentially inexpensive, minimally invasive diagnostic strategy 

that is capable of providing insight into underlying brain injury. To date, biomarker success has 

been limited by specificity, reproducibility, and clinical relevance. Biomarkers that are 

susceptible to epigenetic modifications may improve current diagnostic abilities by increasing 
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relevance to underlying neuropathology. The development of such technology will improve 

diagnostic capabilities and potentially allow quicker, and targeted response to injury. 

1.2 Hypothesis and Specific Aims 

The working hypothesis for the work described herein is that epigenetic mechanisms, 

including DNA methylation and histone acetylation, contribute to the progression of the BINT 

pathology and may provide novel therapeutic and diagnostic strategies. This hypothesis was 

tested using the following specific aims.  

SPECIFIC AIM 1: Define the temporal changes of DNA methylation and the pathological 

characteristics of DNMT1 following BINT. Aim 1 was divided into three sub-aims:  

Sub-aim 1.1: Explore DNA methylation changes in acute, subacute, and chronic stages of the 

injury. 

Sub-aim 1.2: Determine the expression and distribution of DNA methyltransferase 1 (DNMT1) 

following BINT. 

Sub-aim 1.3: Investigate DNA methylation changes within brain regions associated with relevant 

neurological impairments. 

SPECIFIC AIM 2: Investigate the onset of pathological memory impairments and the 

histone acetylation changes within secondary injury cascades. Aim 2 was divided into four 

sub-aims: 

Sub-aim 2.1: Determine the time-dependent changes in short memory in the acute stages 

following blast exposure. 

Sub-aim 2.2: Investigate blast-induced changes to histone acetylation patterns within the 

prefrontal cortex and the potential implications within the injury pathology. 

Sub-aim 2.3: Investigate the potential association of altered nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-kB) and mitogen activated protein kinase (MAPK) signaling 

on histone acetyltransferase (HAT) and histone deacetylase (HDAC) function. 

Sub-aim 2.4: Explore the effects of histone deacetylase inhibition on the BINT pathology 

through administration of suberoylanilide hydroxamic acid (SAHA). 
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SPECIFIC AIM 3: Evaluate the diagnostic potential of cell-free nucleic acids (cfNA) 

following blast injury. Aim 3 was divided into two sub-aims: 

Sub-aim 3.1: Investigate the levels of cfNA within the cerebrospinal fluid (CSF) following blast 

exposure. 

Sub-aim 3.2: Evaluate potential correlations between measured biomarkers and neuropathology 

in the brain. 
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Chapter 2: Background 
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2.1 Blast Injury Concern in Military and Civilian Populations 

Mild traumatic brain injury (TBI) has been deemed the “signature” wound of military conflicts 

[20]. Figure 1 illustrates the increase in military incidences of TBI over the past decade. During 

oversea conflicts in the early 2000s, 78% of injuries were attributable to an explosive mechanism 

which has led to increased incidences of BINT [21]. 

 

Figure 1. Prevalence of TBI in the military community. Military incidences of TBI have increased 

since the early 2000’s according to the Defense Medical Surveillance System [22]. 

Recent wartime tactics have seen an increased prevalence of improvised explosive devices 

(IED). However, IED usage is not limited to military conflict as they serve civil uses and are 

used in acts of terrorism as well. These uses put civilian populations at risk for blast overpressure 

(BOP) exposure.  Due to increased terrorism, the number of injuries from these events have 

dramatically increased within the past decade (Figure 2).  

BINT is a debilitating injury that absorbs a substantial amount of annual healthcare costs 

estimated between $37 and $122 billion [1]. Current military engagement and a change in 

wartime tactics have increased the prevalence of BINT throughout the world. Despite its 

frequency, no cure exists and the injury mechanisms are poorly understood.  
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Figure 2. Incidences of terrorist explosive events worldwide. The number of explosive events have 

increased over the past decade and have caused a dramatic rise in the number of injuries and deaths [23]. 

2.2 Free-Field Blast Wave Characteristics 

In theater, blast waves typically originate following an explosion.  The rapid expansion of 

combustion products from the detonation leads to the outward, supersonic, flow of the 

surrounding air, deemed the blast wave. In the near and mid-field blast regions, the gas flow 

dynamics are very complex and involve multi-dimensional wave motion, shrapnel, and large 

temperature disturbances from the explosion. Away from the epicenter of the explosion, the 

wave can be characterized by the Friedlander waveform and is largely one-dimensional with 

fewer confounding factors. This region is defined as the free-field blast region and is the focus of 

most blast injury research. Free-field blast waves consist of a shock front leading to a near-

instantaneous rise in pressure followed by exponential decay into a brief phase of negative 

pressure (below ambient) followed by restoration of ambient conditions. These dynamic pressure 

changes occur over the course of several milliseconds.  
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Figure 3. Schematic representation of blast exposure on the surrounding environment. The shock 

front (positive phase) imparts outward forces and causes displacement of air away from the site of 

detonation (Stage 2). The negative phase imparts forces towards the site of detonation as the displaced air 

returns (Stage 4) [24]. 

The rapid fluctuations in pressure during a blast wave can yield devastating effects on the 

surrounding environment. Figure 3 provides a demonstration of the effects of a blast wave as it 

passes. The shock front brings on high magnitudes of static overpressure well beyond ambient 

levels, leading to compressive forces on the surrounding environment. The wave also imparts 

dynamic overpressure resulting from the kinetic energy of the flow leading to the blast wind 

which is capable of causing displacement of objects in the surrounding environment. The 
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displacement of the air (2) leads to the creation of vacuum (negative pressure relative to 

ambient). The vacuum leads to the movement of air back towards the blast origin as ambient 

pressure is re-established (Figure 4).  

 

Figure 4. Friedlander waveform representing the simplified open field pressure-time profile of a 

blast wave. The blast wave is characterized by a positive phase (between t0 and t1) followed by a negative 

phase (between t1 and t2). The blast wave is defined by several parameters including peak pressure (Pmax), 

rise time (tr), positive and negative impulse (Ip/In), and positive and negative duration (tp/tn). 

The magnitude of a free-field blast can be separated into static and dynamic pressure 

components. The hydrostatic pressure, often referred to as the static overpressure, is the pressure 

that is experienced by an object or surface that is parallel to the direction of fluid flow. 

Therefore, it does not obstruct the flow. The dynamic pressure is a measure of the specific 

kinetic energy of the blast wave. Together, the static and dynamic pressures comprise the total, 

or stagnation, pressure of the blast wave. The stagnation pressure is defined as the energy 

required to bring part of the flow to rest. It can be measured by a surface normal to the fluid 

flow. Measurement of the dynamic pressure of the blast wave can be achieved through 

subtraction of the stagnation and static pressure measurements. While not a characteristic of a 

free-field blast, reflected pressure represents an important consideration for recreating blast 
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waves in a laboratory setting. The reflected pressure is a result of the blast front interaction with 

a normal surface in its flow and lead to force exertion on the surface and the initiation of a 

rarefaction wave. 

Table 1. Blast wave characteristic parameters. 

Parameter Equation/Description Units 

Peak pressure Maximum pressure reached psi 

Rise Time tr = tPmax – t0 ms 

Positive Duration tp = t1 – t0 ms 

Negative Duration tn = t2 – t1 ms 

Positive Impulse Ip = ∫ 𝑃(𝑡) 𝑑𝑡
𝑡1

𝑡0
 psi*ms 

Negative Impulse In = ∫ 𝑃(𝑡) 𝑑𝑡
𝑡2

𝑡1
 psi*ms 

 

Several parameters are useful in describing blast wave profiles, as shown in Figure 4 and Table 

1. Peak overpressure is the most widely used metric of blast magnitude. Peak static overpressure 

will be used for the studies described herein. Rise time (tr) is the difference in time between the 

initial rise from ambient pressure to the peak overpressure and is usually less than 1 ms. 

Following the peak overpressure, the pressure decreases exponentially until crossing ambient 

pressure levels. The amount of time from initial rise from ambient (t0) to crossing ambient (t1) is 

known as the positive phase duration and represents the amount of time that an overpressure is 

imparted by the wave typically, 2-3 ms. The negative phase occurs following the positive phase 

and the negative duration represents the amount of time that an underpressure occurs as a result 

of the blast wave. Positive and negative phase impulses are often used in describing the amount 

of energy involved in the two phases of the blast wave. These values are calculated by 

integration of the pressure and time curve during their respective phases. The Friedlander 

waveform (Figure 4) can be mathematically modeled using Equation 1 shown below: 
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Equation 1. Friedlander Equation 

𝑃(𝑡) =  𝑃𝑚𝑎𝑥 ∗ 𝑒
−𝛼𝑡

𝑡𝑝 ∗ (1 −
𝑡

𝑡𝑝
) 

This equation represents time (t) dependent changes of pressure (P) of a blast wave using wave 

characteristics including peak overpressure (Pmax), positive phase duration (tp) and a decay 

constant (α). While the Friedlander equation models an idealized free-field blast waveform, 

advanced blast simulators (ABS) are able to recreate blast waves in a laboratory environment 

with high similarity to the Friedlander wave-form following passive rupture of a calibrated 

membrane (Figure 5).  

 

 

Figure 5. Representative pressure-time trace of an ABS generated blast wave. Key characteristics of 

the Friedlander waveform are maintained within the static pressure profile produced in an ABS. 

A challenge with laboratory simulations of blast waves is proper measurement and 

characterization of the complex gas dynamic parameters. Typically, laboratory blast models 

measure side-on pressures, or static pressures, and report these values in literature. Besides 

excluding the stagnation pressure of the wave, this leaves the experimental set-up susceptible to 

further challenges. Creation of a shock front often sends vibration waves through the walls of the 
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test device. These vibrations travel faster in the solid metal walls and reach the mounted pressure 

sensors prior to the wave. As a result, side-mounted sensors are particularly susceptible to 

vibrational noise which can skew the measured wave parameters. In order to avoid potential 

complications, an analytical solution of peak static overpressure is obtained using the Ranking-

Hugonoit relations. These equations are derived from the conservation of mass, momentum, and 

energy equations and ultimately provide a relationship between the physical properties on each 

side of the one-dimensional shock wave. Further descriptions and derivations of these equations 

have previously been discussed [25, 26] Using the measured wave speed, key blast parameters 

can be calculated, including the static overpressure and used to validate sensor readings. Wave 

speed calculations are performed using multiple, wall mounted sensors at known distances apart 

from each other. The arrival of the shock front can be determined between these sensors so that a 

velocity can be calculated.  

2.3 Blast Injury Modes 

Injuries resulting from blast exposure can be broken down into four distinct injury modes. Figure 

6 provides schematic representation of each injury mode: primary, secondary, tertiary, and 

quaternary.  

 

Figure 6. Different injury modes following blast exposure. Primary blast mechanisms occur from the 

static overpressure of the blast exposure. Secondary and tertiary mechanisms occur resulting from the 

dynamic overpressure effect on objects and people. Quaternary mechanisms involve thermal and 

chemical injuries. Adapted from [27]. 
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Primary blast injury occurs as a direct result of the propagation of the overpressure and under 

pressure through the tissue. This injury mode results in BINT but has also been shown to cause 

injury to other organs as well. The lungs are especially susceptible to barotrauma resulting from 

the blast wave due to their air-filled nature and the prevalence of density interfaces [28]. The 

tympanic membrane of the ear is also susceptible to primary blast injury [29].  

Secondary blast injury includes any injury resulting from shrapnel or debris (Figure 6). The blast 

wind can cause displacement of nearby objects outward from the source of explosion (positive 

phase) or towards the explosion source (negative phase). The displacement of these objects, in 

either direction, can lead to detrimental injuries that are often blunt or penetrating in nature. 

Tertiary blast injury results from acceleration/deceleration of the body following exposure to the 

dynamic blast wind. These injuries often result in blunt impact injuries when the person is 

thrown into rigid surfaces within the surrounding environment. These injuries can lead to relative 

motion of the brain within the skull often leading to coup and counter-coup injuries to the brain 

[28].  

Quaternary injury is characterized by thermal injury or chemical injury resulting from the 

explosion. As mentioned in Section 2.2, the expansion of combustion products following 

detonation imparts flow velocity on the surrounding air but can also lead to dramatic increases in 

temperature of the air which can cause burns. Alternatively, depending on the chemical used in 

detonation, exposure to toxic substances is possible. 

Each injury mode may not be present in all instances of blast-induced injuries or may be present 

in different ways, which plays a significant role in the complexity and variability of the injury. 

The work described herein focuses on isolating the primary blast injury because of the 

devastating injuries it may cause and the little that is known about the injury mechanism. 

2.4 Mechanisms of Blast Transmission to the Brain 

The image and text within Section 2.4 are adapted, in part, from Fievisohn, E., Bailey, Z. S., 

Guettler, A., VandeVord, P.J. (2017) Current Knowledge of Blast Traumatic Brain Injury 

Mechanisms. In K. Wang (Ed.) Neurotrauma: A Comprehensive Book on Traumatic Brain 

Injury and Spinal Cord Injury. Oxford University Press. In Press. 
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The mechanisms of primary blast brain injury remain largely unknown. Several studies have 

demonstrated changes in intracranial pressure (ICP) following a BOP exposure. This has 

prompted many groups to investigate the mechanism of pressure transduction to the brain. Many 

theories have been proposed and discussed in literature. Some are accompanied by strong 

experimental evidence while others remain speculative with little biomechanical support 

provided. Still, the mechanisms are not well understood and highly debated. The major theories 

include entrance through the skull orifices, direct transmission through the skull, skull flexure, 

and thoracic compression/vascular surge. These mechanisms are summarized visually by Figure 

7. It is certainly possible that these mechanism are not mutually exclusive and may complement 

each other. To further complicate the problem, it is possible that the specific injury mechanisms 

is dependent on injury orientation and severity. Nonetheless, understanding the relevant injury 

mechanisms is critical to future protective and treatment efforts.  

2.4.1 Skull Orifices 

The skull has several orifices that provide potential entrances to the intracranial space.  In the 

skull orifice theory, the blast wave enters the cranium through the nasal canal, auditory canal, 

and/or the ocular orbits leading to ICP disturbances that can injure the brain.  

2.4.1.1 Auditory Canal 

Of the sensory systems, the auditory canal appears to be the most susceptible to blast-induced 

injury [30]. Choi et al [30] demonstrates that tympanic membrane perforation, ossicular damage, 

inner and outer hair cell loss, and hemorrhage are common injuries sustained [30]. Vestibular 

and auditory damage has also been seen clinically [31]. The susceptibility may result from the 

sensitivity of the auditory canal to pressure disturbances and acoustic waves. However, little 

evidence exists to suggest that blast wave interaction with the auditory canal can lead to ICP 

disturbances. In fact, a finite element model has shown that blast wave overpressure can be 

amplified in the auditory canal but has minimal impact on ICP [32].  
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2.4.1.2 Nasal Sinuses 

Olfactory dysfunction has been observed clinically following blast exposure but injuries appear 

to be rare and largely dependent on injury severity [33-35]. A study employing a surrogate skull 

model, demonstrated that void size and position of sinuses had an effect on the ICP response to a 

blast wave [32]. Still, no studies have been able to attribute ICP changes to pressure transmission 

through the nasal sinuses following blast in a physiologically relevant model. Moreover, the 

injuries to these sinuses appear to occur with a low incidence rate.  

2.4.1.3 Ocular Orbits 

Injuries to the eyes have been observed pre-clinically and clinically following blast exposure. 

These injuries are largely heterogeneous and can include retinal damage, intraocular foreign 

bodies, and globe rupture [36]. In vivo studies have demonstrated the presence of cellular 

pathology, including neurodegeneration, in the retina and brain visual centers [37-40]. The 

retinal ganglion neurons are of particular interest to this mechanisms because their axons are 

unmyelinated as they pass through the retina and may be more susceptible to damage by the blast 

wave. Still, ICP disturbances have not be properly attributed to this mechanism. A study of 

rodent exposure to blast waves with and without eye protection showed that ICP disturbances 

occur regardless of the presence of eye protection [41]. This data suggests that blast waves may 

be injurious to the eyes but not necessarily transmitted through them to the brain.  
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Figure 7. Summary of current theories of primary blast transmission to the brain. Dotted lines 

represent the proposed route of transmission. The skull flexure and direct transmission theory differ on 

the transfer of blast wave across the skull. In the direct transmission theory, the blast wave transverses the 

skull leading to an ICP similar to that of the atmosphere (Patm). In the skull flexure theory, the blast 

causes flexure of the skull with disturbs ICP but may not directly relate to Patm. By the thoracic surge 

mechanism, the wave is reflected by the skull but compression of the thorax results in a volumetric surge 

of blood that injures the brain. The final theory states that the blast wave is able to enter the cranium 

through skull orifices including the orbits, the nasal sinuses, and the auditory canal. 

2.4.2 Direct Cranial Transmission 

A second mechanism of injury that has been debated in literature is that the blast energy is 

directly transmitted to the brain through the skull. Direct wave transmission, also called trans-

osteal wave propagation, is the processes by which an air-borne shock wave interacts with the 

material interface of the skull and transmits a ‘through-thickness’ stress by direct compression of 
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the skull material into the cranium. Following entry into the cranium, pressure waves are capable 

of creating patterns of diffuse damage in brain tissue through shear stress and other various 

physical phenomenon including spallation, implosion and inertia.  

The energy transmitted through the skull is thought to be governed by the acoustic impedances 

of the two media. When the blast wave is transmitted between two mediums of similar acoustic 

impedances, the wave is assumed to travel with little energy dissipation. However, when 

traveling between two mediums with different acoustic impedances the blast wave will be both 

transmitted and reflected. The rate of transmission of the blast wave is dependent on the acoustic 

impedance mismatch at the boundary. The reflection and transmission coefficients (Λr and Λt, 

respectively) between acoustic impedance mismatch boundaries are governed by the Equation 2 

and Equation 3 shown below. Here, Z represents the specific acoustic impedance of medium 1 

from which the blast wave originates and medium 2 to which the blast wave is entering. 

 

Equation 2. Rate of reflection across acoustic impedance mismatch boundary 

Λ𝑟 =
𝑍2 − 𝑍1

𝑍2 + 𝑍1
 

Equation 3. Rate of transmission across acoustic impedance mismatch boundary. 

Λ𝑡 =
2𝑍2

𝑍2 + 𝑍1
 

 

The effects of acoustic impedance mismatch may be particularly relevant when considering the 

blast wave interaction with the skull. The wave transmission from air to bone is accompanied by 

a large impedance mismatch, which may suggest large rarefaction from the skull. The acoustic 

impedance value for bone is estimated to be several orders of magnitude greater than that of air. 

Based on these values, we would expect over 99% of a planar, air-borne blast wave to be 

reflected from the skull. Still, several computational models have demonstrated the effects of 

direct transmission [42-44]. However, these models have yet to be validated with physiologically 

relevant experimental data.  

Changes in ICP have been observed in several studies of blast exposure [41, 45-47]. Chandra and 

Sundaramurthy [46] demonstrated changes in ICP following blast exposure to post-mortem 
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human surrogate heads [46]. The ICP pressure trace showed similar trends to the incident 

pressure wave and increased accordingly with incident pressure. The maximum ICP recorded 

was behind the forehead (following frontal blast exposure) and exceeded the peak overpressure 

of the incident blast wave. The authors suggest a role for direct transmission of the blast wave 

into the cranium. However, by this theory, wave attenuation through the skull would be 

expected. It is possible that other mechanisms may also be at play which lead to the observed 

wave amplification within the cranium.  

2.4.3 Skull Flexure 

The skull flexure dynamics theory is contradictory to the direct cranial transmission theory. In 

this theory, the blast wave cannot directly transmit through the skull and instead, the blast wave 

energy acts on the skull causing deformation or vibration [48-51]. The stress wave has greater 

velocity in skull than air, causing a complex strain profile over the entire skull as the blast wave 

propagates. These skull dynamics cause ICP gradients and fluctuations. Since the brain is 

incompressible and viscoelastic, shear forces and deformations can become injurious. This 

mechanism could produce diffuse injury patterns in the brain, which has been shown in several 

pre-clinical blast models with immunohistochemical staining [3, 9, 52-55] and with diffusion 

tensor imaging both in vivo [56] and clinically [57-59]. 

This theory is supported by the presence of oscillatory ICP responses after blast exposure. To 

understand these oscillations, Romba and Martin [60] inserted pressure sensors into a sacrificed 

euthanized primate brain and measured ICP profiles. There were distinct pressure profiles in the 

brain that did not match the ambient pressure profile supporting skull flexure rather than direct 

cranial transmission.  

Computational models have been devised to investigate the skull flexure from a blast wave 

acting on the human head. For example, Moss et al. [51] developed a model and observed the 

skull dynamically flexing inwards, creating a ripple effect on the surface of the skull that will 

propagate outwards. These oscillations will produce variable pressure regions that lead to 

pressure gradients in the brain. Also, deflections in the skull from the shock front can lead to 

magnified levels of pressure within the brain, possibly resulting in substantial neurotrauma. 

Alley et al. [61] used spherical shells with and without apertures, with two different brain 
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surrogates to study the effects of impedance mismatch in the human head. The results show 

pressure oscillations within the brain simulant and indicate that regions of compression and 

tension could potentially result in neurotrauma. Bolander et al. [49] investigated skull 

deformation in the live rats during blast exposure with strain gages. They observed oscillations in 

the skull strain data and in the ICP. There was a delay in the rise time of the ICP response 

relative to the incident shock wave. This was explained as the skull acting as a medium between 

the external environment and the intracranial contents, supporting the skull flexure theory. Based 

on computational, surrogate, and in vivo models, skull flexure may likely contribute to the 

transmission of the shock wave energy into the brain, acting as a mechanism of primary BINT. 

2.4.4 Thoracic Surge Mechanism 

The thoracic theory of BINT offers a unique mechanistic perspective on primary blast injury 

because it does not involve blast wave-skull interaction. Rather, the important interaction is that 

of the blast wave with the thorax. The theory postulates that exposure of the thorax and abdomen 

to a blast wave leads to rapid compression and creation of a shockwave that propagates through 

soft tissue and vasculature. Compression of great vessels is believed to lead to a vascular surge 

that reaches the brain and injures the more susceptible cerebrovasculature. Under normal 

circumstances, the cranial compartment, which is of fixed volume, is held under homeostatic 

conditions through a dynamic equilibrium of blood volume, CSF volume, and cerebral perfusion 

pressure. Therefore, a rise in any of these is accompanied by a corresponding decrease in another 

such that the intracranial pressure remains unaffected. Under the thoracic theory of primary blast 

injury, increased thoracic pressure leads to a vascular surge and prevents cerebral blood outflow 

leading to increased ICP and subsequent neuropathology.  

Blast exposure typically leaves the whole-body susceptible to injury including the thorax and 

abdomen. Air-filled organs are the most vulnerable because of the compressibility of air and the 

soft tissue-air density interface. Hemorrhage, perforation, and rupture often occur to hollow 

organs including the stomach, small intestine and large intestine [62]. The lungs are among the 

most commonly injured organs due to the air-filled nature and high vascularization. Typical 

injuries to the lungs include hemorrhage, edema, and ruptured alveoli, but can become more 

severe involving hemothorax and pneumothorax [63]. In fact, a four year study of terrorist 

bombing in Israel showed that 52% of those injured sustained lung injuries that required 
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ventilation during treatment [64]. Injury to the lungs can often be fatal, the United Kingdom 

Theatre Trauma Registry showed that less than 50% of patients sustaining blast lung injury 

survived to reach a medical facility [65]. Thoraco-abdominal injuries are not limited to gas-filled 

organs, reports have also shown solid organs including the liver, spleen, and kidney are at risk 

for rupture, infarction, ischemia, hemorrhage, and laceration injuries [62, 66]. 

Due to the prevalence and severity of thoraco-abdominal injuries, the interaction of the blast 

wave with the thorax should not be ignored. In recent conflicts, however, the prevalence of these 

injuries has decreased—in part due to advancements in body armor [67-69]. A study by Wood et 

al [70] has shown that ballistic vests are able to attenuate the behind-the-armor overpressure by a 

factor of 56.8 following blast exposure, which significantly reduces the risk of pulmonary injury 

[70]. While wearing a protective vest, the acoustic impedance mismatch between the blast wave 

and the vest is larger than the acoustic impedance mismatch between the blast wave and soft-

tissue. With a larger acoustic impedance mismatch, a larger fraction of the wave will be reflected 

rather than transmitted [71]. The decrease in transmission accounts for the reduction in behind-

the-armor overpressure. However, the reflected pressure will impart a large force on the vest that 

can cause subsequent compression and potential injury to the thorax. Thus, even in the case of 

ballistic vests, the thorax is still at risk for injury.  

The idea of intra-thoracic pressure rise causing compression and shockwave propagation through 

that great vessels seems unlikely due to the natural safeguards set in place to avoid such changes 

in blood flow. In considering this theory, the geometry and distribution of vessels within the 

brain may be important. The cerebral arteries show extensive bifurcations at near right angles as 

well as a radius decrease with each bifurcation. The resistance (R) to flow in a blood vessel is 

dependent on several factors, including radius (r), as described by the adapted Hagen-Poiseuille 

equation below (Equation 4). Here, η represents viscosity, L represents length. 

Equation 4. Hagen-Poiseuille equation.  

𝑅 =
8𝜂𝐿

𝜋𝑟4
 

An important aspect of this equation is the impact that a small radius change can have on the 

resistance to flow. A decreased radius will correspond to a resistance increase equivalent to the 

fourth power of the change in radius. Together, the bifurcation geometry and decreased vessel 
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size, can decrease blood velocity, increase hydrostatic pressure, and increase resistance as the 

blood-vessel contact surface increases (Figure 8) [72]. Thus, the hypothesis has been proposed 

that cerebral vessels, and especially the circle of Willis, function to prevent damage to 

microvasculature in the brain by reducing high systolic pressure [72]. The function and response 

of the circle of Willis following blast remains unknown. Under the thoracic theory, if the 

pressure wave was sent through the arterial systems and to the circle of Willis, we may expect 

that the magnitude and speed of the pulse may overwhelm the endogenous safe measures and 

injure the microvasculature. However, in doing so, we would also expect damage to occur at the 

bifurcations surrounding the circle of Willis as these are areas that would absorb a large transfer 

of kinetic energy from the vascular surge (Figure 1). Damage to the circle of Willis following 

blast has not been reported often. One study noted vascular disruption in the circle of Willis, but 

since this occurred in body-armored set-up designed to expose only the head to the blast, the 

damage may not result from a vascular surge [57]. 

Another important physiological property to consider is cerebral auto-regulation. Cerebral auto-

regulation is an innate response that maintains proper cerebral perfusion through cerebral vessel 

dilation and contraction. Vascular pathology in the brain has been well established following 

blast exposure and often involves BBB damage [73-78]. The vascular pathology has also been 

shown to compromise the ability of proper vessel auto-regulation leading to prolonged 

contraction of cerebral vessels [79, 80]. This likely plays a role in the decreased cerebral blood 

flow that has been observed in other studies [78, 81]. Under normal conditions, the ability of 

cerebral vessels to auto-regulate blood flow is important for brain function. If a vascular surge is 

responsible for the compromise of these functions it may provide evidence for a thoracic 

mechanism of primary blast injury.  
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Figure 8. Schematic representation of potential effects of vessel size and bifurcations on blood flow. 

Areas of blue indicate areas that may be subject to large stress resulting from the kinetic energy 

associated with a volumetric surge of blood. Following bifurcations, vessel diameter decreases causing 

an increase in resistance to blood flow. 

One of the largest challenges to current blast injury mechanism research efforts is the 

experimental difficulty in isolating a thoracic exposure from a head exposure. Many in vivo 

experimental models have been developed and used to assess the contribution of a thoracic 

mechanism in primary blast injury [60, 82-86]. Cernak et al [2] observed neuronal injury, glial 

cell reactivity, oxidative stress, and cognitive impairment in rats subjected to both whole-body 

and thoracic blast injuries [2]. Another study found that neuropathology following a low-level 

blast could be mitigated using a Kevlar protective vest [84]. However, the vest proved to be 

ineffective against higher level blast exposures which may suggest a separate mechanism of 

transmission to the brain or limited effect of the Kevlar protection. Other studies have noted that 

a thoracic mechanism may not play a role in primary blast injury. Romba and Martin (1961) 

showed that a chest-only exposure can lead to a change in thoracic pressure which had no effect 

on intracranial pressure [60]. Conversely, when only the head was exposed to blast wave, the 

intracranial pressure closely resembled that of a blast curve [60]. Goldstein et al [86] also 

reported no significant contributions of a thoracic mechanism in intracranial pressure dynamics 

in a living mouse compared to an isolated mouse head [86].  
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These models typically use directed shock waves produced from an open-ended shock tube to 

achieve a thoracic only exposure. However, sufficient mitigation of blast wave interaction with 

the head is seldom supported with experimental evidence. Upon exiting the shock tube, the wave 

undergoes complex flow dynamics that involves expansion and rarefaction that could reach the 

head of the subject [87]. Therefore, the proper measurement of pressure dynamics surrounding 

the skull is critical for determining sufficient isolation of a thoracic blast exposure and should be 

considered for future studies. 

Other studies aim to simplify the problem by avoiding blast exposure and using ballistic impacts 

with the lower body [88, 89]. By avoiding blast exposure, isolation of a thoracic mechanism 

from a cranial mechanism is easier. These studies rationalize the model by assuming that 

airborne blast waves and ballistic impacts with soft tissue cause a similar stress wave 

propagation through the tissue and vasculature, conserving injury mechanisms and leading to a 

similar injury. It is hypothesized that ballistic impacts, especially when occurring in close 

proximity to major vessels, can lead to a pressure pulse that injures the brain. The relevance of 

this injury mechanism to BINT has only been supported theoretically and has not been 

accompanied by any relevant experimental support [88]. One issue is the lack of proper 

characterization of the intra-thoracic pressure changes that occur with blast exposure. In fact, 

some studies have shown that blast waves are rapidly attenuated or reflected as they interact with 

the soft tissue and bone of the thorax walls [60, 90]. The attenuation or reflection of the blast 

wave may create a less severe intra-thoracic injury than a penetrating bullet. Therefore, prior to 

employing a ballistic model to study the primary blast injury mechanisms, it is vital to properly 

characterize the effect of the blast wave on intra-thoracic pressure changes and stress waves, 

especially near the great vessels. This knowledge will be important to establishing the relevance 

of two dramatically different injury models: a penetrating ballistic impact and blast exposures.  

Further support for the thoracic mechanism has been drawn from the physiological response 

following a lower body ballistic impact or blast exposure.  In considering physiological response 

to injury, injury mechanisms including air embolism and systemic responses are often ignored. 

Either a blast exposure or ballistic impact to the lower body can lead to soft tissue damage and 

can lead to bubble formation in the circulatory system. This may be a result of the implosion of 

alveoli from blast exposure, or cavitation from bullet penetration through tissue. In either case, 

the resultant bubbles can cause air embolism in the brain leading to occlusion of blood flow. 
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Previous studies have concluded that a blood surge following ballistic impact leads to 

intracranial pressure rise that results in immediate death of the subject [88]. However, the 

presence of air embolism should not be ignored as there is evidence that this is a prominent 

aspect of blast injury and often explain immediate blast fatalities [91].  

Current thoracic models have shown cellular and molecular dysfunction in the brain involving 

glial cell reactivity, oxidative stress, and neuronal damage, which are all important aspects of the 

BINT pathology [82, 84]. These processes are indicative of ongoing neuropathology, but are not 

necessarily attributable to primary blast injury mechanisms. Rather, these processes may be 

initiated by secondary injury cascades that involve systemic injury.  The ability of blast waves to 

cause injury to internal organs has been discussed previously and is well established in literature. 

Ballistic impact models also can severely, and sometimes permanently, injure various tissues in 

the body. These injuries can lead to a state of systemic inflammation in which various signaling 

molecules, including cytokines and chemokines, are released into circulation. Once in 

circulation, these mediators can have distinct impacts on the brain leading to BBB dysfunction, 

edema, neuroinflammation and neurodegeneration [92-96]. Other circulating molecules, such as 

autacoids, can regulate cerebrovasculature changes [97]. Therefore, prior to attributing 

neuropathology of these models to vascular surge mechanisms, the effects of systemic 

inflammation should be considered.  

2.4.5 Other Mechanisms 

In addition to the main theories explained above, there are other theories that warrant mention. 

One hypothesis for BINT is that there is a combination of rotational and translational 

accelerations of the head caused during the blast event. While some think that acceleration is a 

primary blast injury mechanism [86], others have shown that head acceleration may be a 

confounding factor by studying pure-rotation versus blast neurotrauma [98] and the effects of 

head restraint during primary blast wave exposure [99]. Acceleration is better classified as a 

tertiary injury mechanism and does not describe a mechanism for primary blast injury. 

Another hypothesis for causing BINT is through cavitation. This theory is not independent, 

however, and instead results from the pressure disturbances entering the brain through another 

mechanism. Through these mechanisms, areas of negative pressure are introduced into the 
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cranium which can form cavitation bubbles. The collapse of these bubbles can cause damage to 

the adjacent brain tissue. Many modeling and surrogate studies have shown the development of 

negative ICP contrecoup to the blast wave during an exposure [100, 101]. While, there is some 

experimental evidence showing that the negative pressure and cavitation is injurious to the 

surrounding brain tissue, the collapse of these bubbles would not create the diffuse injury pattern 

that has been observed. Regardless, cavitation offers potential insight into tissue injury 

mechanisms but not blast transmission to the brain. 

It is certainly possible that these theories do not occur exclusively from each other, but rather 

that several of these mechanisms lead to the injured brain following blast exposure. Despite not 

fully understanding the mechanisms of transmission to the brain, the ability of blast waves to 

impart pressure disturbances and injury within the brain has been made evident [41, 45, 48]. 

Blast waves have been observed to injury tissues through various methods including spallation 

and inertia [102]. Spallation occurs when a compression wave is reflected at the interface of two 

mediums with differing densities.  At the interface, the wave is reflected and can cause injury to 

the surrounding tissue. Inertial effects occur as the energy imparted by the blast wave is 

transformed into kinetic energy within the medium. The kinetic energy causes acceleration of the 

medium that is dependent on its density. Therefore, density interfaces are susceptible to shear 

forces that may compromise tissue integrity as lighter medium will accelerate faster than more 

dense media. Interestingly, inhomogeneous deformation has been observed and attributed to 

inertia effects within the brain [103]. 

2.5 Experimental Models of Primary Blast Injury 

The image and text within Section 2.5 are adapted, in part, from Bailey, Z.S., Hubbard, W. B., 

and VandeVord, P.J. (2016) Cellular Mechanisms and Behavioral Outcomes in Blast-induced 

Neurotrauma: Comparing Experimental Set-ups. In F. Kobeissy (Ed.), Methods Molecular 

Biology: Injury Models of the Central Nervous System (Vol. 1460): Springer. 

 

To solve the many outstanding questions surrounding blast exposure and BINT, several in vivo 

models have been constructed. These models often take different approaches to recreating a far-

field blast exposure in animal or cadaveric specimens. The heterogeneity of blast testing can lead 
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to misleading and contradictory results. This is a direct result of the ability to successfully 

recreate the proper, relevant, blast exposures in a laboratory. While several models of blast 

exposure have been created, they do not all recapitulate the injury biomechanics adequately. 

Therefore, proper consideration of the method of blast exposure is foundational to elucidating 

useful information about the injury pathology. The following sections will begin to introduce and 

discuss the various methods of in vivo blast testing. 

 

Figure 9. Schematic representation of various experimental set-ups used for BINT. A and B 

represent various forms of open field BOP exposure set-ups. Shock guns, characterized by a small 

diameter tube with the animal located at the end are shown by C2 and D. ST set-ups are shown by C1 and 

E. F represents the ABS set-up. A blast tube, which uses explosives, is shown by G. 

2.5.1 Open Field Detonation of Explosives 

Open field detonations 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 
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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 (Figure 9, A and B) [104-106]. On the 

other hand, administering anesthesia and controlling for bacterial exposure to survival animals is 

more difficult in the environment outside of a laboratory.  

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 [104]. 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 (Figure 9, G) [107]. 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 [105, 108]. 

2.5.2 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 small diameter tube 

(usually vertical) that contains a driver and driven tube separated by a diaphragm. The bursting 

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 BOP exposures (Figure 9, C2) [99]. 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 
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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 their methodology so that the animal is offset from the end-jet and not exposed to 

reflections (Figure 9, D) [4, 75]. 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. 

2.5.3 Conventional Shock Tubes and Advanced 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 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. [87].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 [109]. 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 (Figure 9, C1). In order to 

create a more accurate blast environment for animal testing, the ABS was designed. There are 

three chambers in the ABS device: a driver, driven, and end-wave eliminator (EWE) (Figure 9, 

F). The end wave eliminator (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 (Figure 9, E). 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. 
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Large animal studies would require a much larger chamber (approximately 16 square foot cross 

section) or the addition of an expansion section for optimal flow specifications, which ultimately 

leads to laboratory space concerns. 

2.6 Clinical Significance  

Cognitive and functional deficits have been observed clinically following BINT [20, 110, 111]. 

Experimental reproduction of blast injuries in animal models has shown similar outcomes [2, 9, 

77, 112-116]. Memory impairments, increased anxiety, and motor function disturbances are key 

features associated with the BINT pathology.  

2.6.1 Memory Impairments 

Primary and secondary mechanisms of blast neurotrauma are reported to create biological 

changes in the hippocampus and prefrontal cortex (which are crucial for memory function). As a 

result, memory loss is an important outcome of BINT and impact-TBI. Memory deficits have 

been studied following BINT in the rodent model using a variety of cognitive tests. These tests 

have demonstrated impairments to recognition and recollection, associative memory, and spatial 

memory following BINT [2, 9, 55, 84, 105, 112-115]. Several studies have demonstrated chronic 

impairment of memory following BOP exposure, lasting until at least 30 days following injury 

[2]. Interestingly, memory deficits are not as prevalent in the acute stages of the injury which 

may indicate a delayed onset and dependence on secondary injury mechanisms [9, 114]. Still, 

there are some contradictions in literature at various time points following injury. Therefore, it is 

possible that injury severity and experimental set-ups have an effect on the observe memory 

impairments [117]. It is also possible that the injury causes transient memory impairments [118].  

2.6.2 Anxiolytic Behavior 

Increased anxiety has been observed following BOP exposure in clinical studies and is 

maintained in pre-clinical animal models. Several studies have shown increased anxiety levels 

using a diverse array of anxiety testing platforms [2, 9, 77, 112, 115, 116]. Likely underlying 

these findings, it has been shown that BINT involves complex injury to the amygdala which 

plays a central role in anxiety and fear behavior. Anxiety has been observed in both acute and 
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chronic stages but appears to be transient following injury [119]. Importantly, the prefrontal 

cortex has also been implicated in both anxiety processes and the BINT pathology [120, 121] 

2.6.3 Motor Function Impairments 

Evidence of cellular and molecular abnormalities have been observed within the cortex and 

cerebellum following BINT [9, 122]. These regions are integral in maintain and coordinating 

motor function and may begin to explain the motor function deficits observed by BINT 

pathology. Motor function deficits are observed predominantly in the acute stages following 

blast exposure [84, 115, 123-125]. Several studies have investigated the presence of motor 

function deficits in the chronic stages of injury but have not observed significant deficits [2, 

105]. These results indicated that unlike memory and anxiety, motor function deficits following 

BINT may be a temporary outcome.  

2.6.4 Chronic Risk of Disease 

Clinical and pre-clinical instances of BINT have been shown to lead to long-term cognitive and 

behavioral impairments. Cellular and molecular abnormalities underlie these symptoms and 

drive the injury pathology in the chronic stages. The persistent pathological state of the injury 

puts the individual at risk for neurological disorders. Studies have shown that BINT leads to an 

increased risk for Alzheimer’s disease (AD) and post-traumatic stress disorder (PTSD) [20, 126-

128]. 

2.7 Cellular and Molecular Mechanisms of Injury 

The clinical manifestations of the injury are influenced and driven largely in part by cellular and 

molecular abnormalities occurring within the brain. The cellular and molecular mechanisms of 

injury following BOP can be broken down into primary and secondary injury mechanisms. 

Primary injury mechanisms are those that occur as a direct result of the initial mechanical insult. 

Secondary injury mechanisms occur following the initial insult and are driven by alterations in 

cellular function and dysregulation of cellular cascades.  
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2.7.1 Primary Injury Mechanisms 

The blast wave imparts compressive and tensile forces which can induce shearing and stretching 

of cells at the microscopic level. Exposure of the brain to a blast wave creates a diffuse injury 

that damages cells and vessels. This damage, resulting from the mechanical forces imparted by 

the blast wave, describes the primary mechanisms of blast injury.  

The BBB is a selectively permeable membrane that is critical in maintain the brain environment 

and function. The BBB is located at a density interface, between the brain parenchyma and the 

blood. It is therefore susceptible to mechanical injury resulting from overpressure exposure. 

Vascular damage, involving BBB dysfunction, has been well established after blast injury [73, 

75, 76, 104, 129]. Several groups have demonstrated acute deficits in BBB integrity, which has 

been reported as part of the mechanical insult [70, 71]. A leaky BBB can cause cerebral edema, 

initiation of apoptotic cascades resulting from transient and the onset of neuroinflammation [74, 

76, 105, 130]. 

Axons are important neuronal features along which action potentials propagate and are delivered 

to other cells and brain regions. Axon bundles make up the white matter tracts of the brain and 

are critical for proper brain function. Axons can often stretch long distances within the nervous 

system which makes them susceptible to shearing and stretching forces imparted by the blast 

wave. Some studies have shown axonal injury within specific regions of the brain [131-133], 

while others have seen no changes [134]. This may be a result of differing injury severity, with 

more severe exposures to BOP lead to axon damage. It is also possible that experimental set-ups 

cause variability between injuries, as some do not properly isolate primary blast injury from the 

other injury modes [117].  

The forces imparted by the blast wave are also capable of creating shearing effects that lead to 

cytoskeletal breakage and degradation. Several groups have observed alterations to cytoskeletal 

structure following BOP exposure [53, 107, 125, 131]. While these changes have been observed 

predominantly in the acute stages of the injury, cytoskeletal damage can disrupt cellular function 

and lead to pathological outcomes. 
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2.7.2 Secondary Injury Mechanisms 

Following the initial mechanical insult, secondary injury pathologies ensue through the 

activation of various cellular cascades. The cellular response to blast injury encompasses but is 

not limited to chronic inflammation and oxidative stress. Similar responses have been observed 

in other neurological disorders and have been linked with cognitive impairments [135, 136]. 

While the roles of pro-inflammatory and pro-oxidative pathways have been investigated, their 

temporal appearance and subsequent progression in BINT remains unknown.  

2.7.2.1 Inflammation 

A common trait of brain injury, including BINT, is chronic inflammation characterized by 

sustained activation of glial cells including microglia and astrocytes [137, 138]. The response 

from glial cells is important to cell survival and neuroprotective efforts, however if not 

controlled, can contribute to sustained brain injury [139]. Microglia are the resident immune 

cells of the central nervous system (CNS) and their activation following injury involves the 

release of several inflammatory molecules. Several studies have observed microglia activation as 

a result of BOP exposure both in the acute and chronic stages of recovery [2, 76, 108, 140, 141].  

The inflammatory response following BINT has been characterized by diffuse reactive 

astrocytosis in both acute and chronic stages of the injury [2-5, 9]. Under normal circumstances, 

astrocytes play important roles in modulating the BBB, neuronal circuit and synapse 

reorganization, and the inflammatory response [5, 9, 142]. In acute stages of injury, astrocyte 

activation serves neuroprotective efforts but chronic activation has been linked to 

neurodegeneration and memory deficits [7-9, 139]. Brain regions, including the hippocampus, 

prefrontal cortex, and amygdala, exhibit persistent astrocyte activation throughout the injury 

progression [2, 3, 54, 55, 134, 141, 143, 144]. Since these regions serve critical roles in proper 

memory function and anxiety, the continued inflammation may contribute to the pathological 

anxiety and memory loss. Interestingly, reactive astrocytosis in the brain appears to correlate 

with elevated levels of glial fibrillary acidic protein (GFAP) in the blood [4, 77].  

Inflammation is regulated by pro-inflammatory mediators called cytokines. Cytokines including 

various interleukins, tumor necrosis factor α (TNF-α), and interferon γ (IFN-γ) have been 

implicated in the pathology of BINT. The involvement of these molecules has been demonstrated 
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in animal models but their role in the pathology of the injury is not fully understood. 

Dysregulation of these molecules may be involved in blast-induced BBB compromise and 

sustained glial cell activation in the chronic stages of the injury. 

2.7.2.2 Oxidative Stress 

Oxidative stress occurs following the aberrant production of reactive oxygen species (ROS), 

including hydrogen peroxide and superoxide anion. ROS are produced as byproducts of normal 

cell metabolism, and play a role in cell signaling and homeostasis [145]. ROS levels are 

maintained by a dynamic equilibrium between their production during metabolism and 

degradation facilitated by anti-oxidants. The molecular sequelae of BINT has been shown to 

involve accumulation of ROS and the onset of a pro-oxidative environment. Increased levels of 

ROS have been found in both acute and chronic stages following blast injury [74, 76, 82, 113, 

124, 146, 147]. The oxidative stress appears to be widespread following BINT as it has been 

observed in several brain regions [74, 82, 113, 124, 146]. In order to ameliorate the pro-oxidative 

environment, superoxide dismutase 1 and superoxide dismutase 2 are natural anti-oxidants that 

function to restore the proper balance of superoxide radicals. Several groups have shown 

increased expression of these enzymes in the acute stages following BOP exposure [54, 82, 148]. 

However, the expression of these enzymes returned to basal levels in the chronic stages of the 

injury [148]. The response of these antioxidant enzymes indicate potential neuroprotective 

efforts to reduce the pro-oxidative environment.  

The overwhelmed antioxidant systems and ROS accumulation leaves the brain in a pro-oxidative 

environment causing mitochondrial damage, altered metabolism, and cell membrane damage 

[82, 113, 124, 146, 147, 149]. Perivascular accumulation of reactive oxygen species can be 

detrimental to BBB integrity through degradation of tight junctions [149].  

2.7.2.3 Neurodegeneration 

Neurodegeneration and neuronal injury have been well characterized following various models 

of BINT and is persistent into the chronic stages of the injury. While neurodegeneration is an 

important aspect of the BINT pathology due to its direct role in the manifestation of clinical 

impairments, the specific events leading to neurodegenerative states remain unclear. Several 
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studies have noted oxidative stress, in both acute and chronic stages, and attributed 

neurodegeneration to prolonged exposure to an oxidative environment. Other studies, have 

hypothesized the ongoing neuronal injury is a result of persistent and sustained glial cell 

activation and pro-inflammatory environment. These factors and others may contribute to the 

pathology and do not necessarily occur independently from each other. 

Neuronal injury, but not death, has also been noted following BINT. Studies have shown 

neuronal swelling in the hippocampus which correlated with cognitive impairments [82]. Still, 

other studies have noted the opposite effect of cortical neurons, observing a shrunken 

morphology [104]. This may highlight the regional differences of the injury but may also be 

attributable to the heterogeneity in BINT injury models.  

2.8 Epigenetic Gene Regulation 

The field of epigenetics encompasses cellular regulatory mechanisms that are capable of inciting 

phenotypic changes without a change to the genotype. These mechanisms involve modifications 

to the DNA and DNA storage that ultimately result in transcriptional regulation of specific 

genes. Epigenetic traits can be heritable or acquired through external/environmental factors. 

Among these mechanisms is DNA methylation and histone acetylation which play critical roles 

in regulation of the transcriptome. 

A diverse array of environmental stimuli can contribute to modifications of the epigenome. 

Studies have identified some environmental factors as being beneficial to health through 

epigenetic regulation Figure 10. These factors include a healthy diet, exercise, and beneficial 

microbiome [150-152]. Alternatively, environmental factors that are harmful to health exist as 

well. These include stress, a poor diet, and aging. Imbalance between these stimuli can create a 

state of increased risk of disease or disorder [152-154]. The central hypothesis of this work 

postulates BINT serves as a harmful environmental factor that is capable of inducing harmful 

epigenetic modifications (Figure 10). As such, these regulatory mechanisms may play important 

roles in the onset, progression, and persistence of the BINT pathology.  
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Figure 10. Environmental factors can induce epigenome modifications. Environmental influences can 

be either beneficial (green squares) or harmful (red squares) to the epigenome. Imbalance between these 

influences can lead to a vulnerable phenotype in which the risk of adverse effects (pathology) is 

increased.  
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Chapter 3: Characterization of DNA Methylation Changes 

Following BINT 
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The images and text within Chapter 2 are adapted, in part, from Bailey, Z.S., Grinter, M.B., De 

La Torre Campos, D., and VandeVord, P.J. (2015) Blast Induced Neurotrauma Causes 
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Overpressure Dependent Changes to the DNA Methylation Equilibrium. Neuroscience Letters 

604, 119-123.  
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3.1 Introduction 

To address the goals specified in Specific Aim 1, the objective of this chapter was to investigate 

the role of DNA methylation in the onset and progression of the BINT pathology. The 

mechanisms underlying the diverse outcomes and sustained neuropathology following blast 

exposure remains unknown. Epigenetics, and DNA methylation, provide a unique perspective on 

the injury that has previously not been addressed. DNA methylation patterns have a direct impact 

on the cellular transcriptome and subsequent function. The hypothesis for this study is that DNA 

methylation changes occur in a time-dependent manner following BINT which may be an 

important aspect of the injury progression.  

3.1.1 Statement of Problem 

The prevalence, morbidity, and costs of BINT continue to burden the United States due to 

ongoing wartime conflicts and the absence of efficient treatment and prevention strategies [1]. 

Prevention strategies are limited by the lack of knowledge surrounding the primary blast injury 

mechanisms. Treatment strategies have been met with extremely limited success in clinical trials. 

The clinical trial difficulties of BINT treatment options is attributable to the narrow 

understanding of injury mechanisms on the cellular and molecular levels. Pathological features 

including apoptosis, neurodegeneration, and chronic glial cell activation have been well 

established by many groups using several experimental models [2, 9, 113]. These observations 

provide a glimpse into the cellular changes that play a role in the manifestation of clinical 

symptoms but the molecular drivers remain understudied and unknown.  

3.1.2 Significance 

DNA methylation, being a direct regulatory mechanism of transcription, has the ability to incite a 

diverse array of phenotypic changes and cellular responses. It has been implicated in several 

relevant cellular processes including apoptosis, neurodegeneration, and glial cell function [155-

160], as well as neurological functions such as memory and anxiety [161-164]. Aberrant DNA 

methylation patterns and regulation has been implicated in various neurological diseases [165, 

166]. In fact, changes in DNA methylation have been observed following deployment in 

Operation Iraqi Freedom and Operation Enduring Freedom [167]. These changes are associated 



39 

 

with PTSD. Still, few studies have investigated the role for DNA methylation in TBI models and 

even fewer in blast injury. Evaluation of DNA methylation following injury may not only 

provide a useful mechanistic understanding of BINT, but may yield insight into ongoing 

pathological processes in the various stages of the injury and elucidate novel therapeutic targets.  

3.2 Literature Review 

DNA methylation is among the most well studied epigenetic mechanisms and has been linked to 

a diverse array of biological processes [168, 169]. The process of DNA methylation involves the 

covalent addition of a methyl group (-CH3) at the fifth carbon of the cytosine ring resulting in 5-

methylcytosine (5mC). DNA methylation occurs predominantly at cytosine residues located 

immediately adjacent to guanine nucleotides and linked by a phosphate group (CpG sites). 

Regions of the genome that include a high frequency of CpG sites are called CpG islands. These 

CpG islands have been specifically implicated in regions that correspond to gene promoters (5’ 

end). However, CpG sites and CpG islands are also found through the entire genome. 

Throughout the human genome, most CpG sites remain methylated. 

DNA methylation levels and patterns are maintained through a dynamic equilibrium between the 

addition and removal of methyl grou3ps from CpG sites. Disruption or imbalance of this 

equilibrium can lead to pathological changes to DNA methylation resulting in increases or 

decreases in global methylation. High levels of DNA methylation is typically associated with 

gene repression, while low methylation levels leads to gene expression (Figure 11). The 

relationship between DNA methylation and transcriptional control is believed to be attributable 

to steric hindrance between the methyl group and transcription factors that bind to the DNA. 
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Figure 11. DNA methylation levels are maintained through active DNA methylation and 

demethylation processes.   DNA methylation is associated with gene repression, while demethylation 

leads to gene expression. Though promoter regions are especially susceptible to DNA methylation due 

prevalence of CpG islands, but DNA methylation, and CpG sites, occur throughout the genome. 

The DNA methyltransferase enzymes (DNMT1, DNMT3a, and DNMT3b) are responsible for 

the addition of a methyl group [170]. DNMT1 maintains the existing methylation patterns, while 

DNMT3a and DNMT3b are responsible for creating new methylation patterns [170]. The 

process of demethylation is facilitated by ten-eleven translocation enzymes (TET1, TET2, and 

TET3) and thymine DNA glycosylase (TDG) (Figure 12) [171]. The TET enzymes are capable 

of sequentially oxidizing the methyl group on the cytosine to form, 5-hydroxymethylctosine, 5-

formylcytosine, and 5-carboxylcytosine [171]. Once oxidized, these bases are subject to passive 

or active removal from the DNA. Passive removal occurs through replication of DNA in which 

the oxidized bases are reverted to unmethylated cytosine residues. During the active removal 

process, TDG facilitates the removal of the base which is then replaced with an unmodified 

cytosine nucleotide [171].  
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Figure 12. Schematic representation of the DNA methylation and demethylation pathways. A 

methyl group is added to cytosine residues by DNMT enzymes. 5mC can be sequentially oxidized by 

TET enzymes to form hydroxymethylcytosine, formylcytosine, and carboxylcytosine. Following TDG-

facilitated base excision, unmodified cytosine residues can be replaced. Adapted from [171]. 

Several studies have shown that active DNA methylation and demethylation serve an important 

role in long-term memory formation and learning in the adult CNS [161, 172-174]. Therefore, 

not only is DNA methylation important but activity of the associated enzymes may play an 

important role in maintaining proper memory function. Altered DNA methylation patterns have 

been associated with anxiety as well [164]. DNA methylation is critical to synaptic plasticity and 

may therefore effect anxiety and memory through a similar mechanism [168, 169, 175]. More 

recent studies have found that oxidized residues, including hydroxymethylcytosine, serve 

functional roles in the plasticity, learning and memory as well [169].   
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3.2.1 DNA Methylation in Brain Injury and Disease 

Pre-clinical models of impact-TBI have shown DNA methylation changes associated with injury 

[176]. Global hypomethylation was reported in the contused ipsilateral somatosensory cortex in 

the acute stages following the injury. This observation was found to specifically affect the 

microglia/macrophage population. A more recent study focused on a rodent model of BINT has 

shown decreased methylation in cortical glia cells relative to neurons and found specific gene 

loci, involved in sleep disturbances, to be susceptible to these perturbations [177]. Still, very 

little is understood about the temporal response of DNA methylation in the injured brain, the 

mechanisms surrounding it, and if these changes underlie behavioral and cognitive impairments. 

Since DNA methylation is regulated by a series of enzymes, these enzymes may serve as 

important therapeutic targets for DNA methylation regulation. Understanding their role in the 

BINT pathology would be an important step towards this end goal. DNMT1, an important 

enzyme involved in maintenance of DNA methylation, has been shown to relocalize following 

impact-TBI [178]. Relocalization of this enzyme may lead to the previously reported cortical 

hypomethylation and be important to the injury pathology. Interestingly, DNMT1 dysfunction 

has been linked to Alzheimer’s disease as well. Decreased DNMT1 expression has been reported 

in the entorhinal cortex, an important region in the AD pathology [179]. Decreased DNMT1 can 

create an enzyme imbalance and lead to DNA hypomethylation which has been associated with 

overexpression of amyloid precursor protein (APP) [180]. Improper cleavage of APP leads to 

extracellular accumulation of Aβ which is a hallmark of AD. Despite its role in disease and 

injury states, no studies have investigated the role of DNMT1 within the BINT pathology.  

3.3 Methods 

3.3.1 Animals and Blast Exposure 

The study described herein was carried out in accordance with experimental protocols approved 

by the University Institutional Animal Care and Use Committee at Virginia Tech. Prior to any 

experimentation, male Sprague Dawley rats weighing approximately 250–300 g (Envigo, 

Dublin, VA, USA) were acclimated for several days (12 h light/dark cycle) with food and water 

provided ad libitum.  
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The blast wave was generated using a custom ABS (200 cm × 30.48 cm × 30.48 cm). The ABS 

consists of three distinct sections to create, develop, and dissipate the blast wave (Figure 13). The 

blast wave develops following helium-driven rupture of calibrated acetate membranes. The 

resultant blast wave propagates through the expansion section of the blast tube and passes the 

test section. A passive EWE was located downstream of the test location to facilitate the 

dissipation of the blast wave through a series of baffles. As a result, the test location is exposed 

to single peak overpressure representing a free-field blast exposure. Pressure measurements were 

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

RI, USA). Analysis of pressure profiles was conducted using a custom Matlab script to calculate 

impulse and duration of the positive and negative phases and rise time. Peak overpressure was 

determined using the Rankine—Hugoniot relations and observed wave speed at the animal test 

location in the ABS. 

 

Figure 13. ABS used to re-create free field blast exposures. Acetate membranes are passively ruptured 

following pressurization using helium gas in the driver section (left). The blast wave reaches the animal 

located in the test section (middle window) and is dissipated in the EWE (right). 

Prior to blast exposure, animals were anesthetized with 3% isoflurane and placed in the ABS. 

Each animal was supported in the prone position inside the ABS facing the oncoming shock 

front using a mesh sling. The sling was designed to minimize flow hindrance and isolate primary 

blast injury by eliminating acceleration/deceleration injuries. Animals were exposed to a single 

BOP. A 17 psi blast exposure was used to study the DNA methylation and DNMT temporal 

responses. This injury model has been previously shown to include minimal lung injury at the 

pressure levels being tested and results in a mild BINT which is the most common injury severity 

[54, 55, 181]. Sham animals received the same procedures with the exception of blast wave 

exposure. Following sham or blast procedure, animals were observed through the recovery stages 

of injury and anesthesia.  
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3.3.2 Tissue Collection and Analysis 

Animals were anesthetized with 5% isoflurane and perfused transcardially with phosphate 

buffered saline (PBS) followed by 4% paraformaldehyde at either four hours, one week, and one, 

or six months following sham or blast procedures. These time points represent various stages of 

the BINT pathology. Brains were extracted and post-fixed in 4% paraformaldehyde to ensure 

proper fixation.  

A separate group of animals was perfused transcardially with only PBS at the two week time 

point. Brains were extracted, placed in a cold brain matrix, and cut into 2 mm coronal sections. 

Sections were immediately frozen on solid CO2 and brain punches were taken from the 

hippocampus. Tissues were immediately flash frozen on dry ice and stored at -80˚C until further 

analysis. 

3.3.3 Measurement of Global DNA Methylation (IHC) 

Following 24 hours post-fixation, brains 

were dehydrated in 30% sucrose 

solution, and embedded in optimal 

cutting temperature (OCT) medium 

(Sakura Finetek Inc, Torrance, CA). 

Tissues were frozen at -80 ˚C until 

sectioning. Coronal sections (40 µm) 

were prepared in a cryostat microtome 

(Thermo Scientific Inc, Waltham, MA) 

and stored in PBS with sodium azide at 

4˚C prior to staining procedures. 5mC 

and DNMT1 staining was performed on hippocampal sections (Bregma -4.16mm) containing the 

dentate gyrus (DG), CA1, CA2, and CA3 (Figure 14) [182]. At the four hour time point, three 

half-brain coronal sections were stained for each animal. At the other time points, two full-brain 

coronal sections were stained and images were taken from each side of the brain.   

Figure 14. Representative coronal section used for 5mC 

and DNMT1 analysis. [182] 
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3.3.3.1 5mC and DNMT1 IHC Staining 

5mC immunohistochemical analysis (IHC) was performed as described previously [183]. 

Sections were rinsed in PBS and permeabilized in PBS containing Triton-X for 30 minutes. 

Sections were briefly rinsed in PBS containing Tween-20 before undergoing an antigen retrieval 

step. As previously described by Abakir et al [183], a 60 minute DNA denaturation step using 

2N HCl was used for 5mC staining [183]. For DNMT1 antigen retrieval, tissue sections were 

incubated in 10mM sodium citrate buffer (pH = 6.0) at 80˚C for 30 minutes. Following antigen 

retrieval, sections were rinsed in PBS and incubated in Tween-20 solution for 10 minutes 

followed by 10% bovine serum albumin (BSA) for 60 minutes. A specific 5mC or DNMT1 

primary antibody was diluted in 10% BSA and applied to tissues for 16 hours at 4˚C. Samples 

were washed with PBS prior to 90 minute incubation with fluorescent antibody. Alexa Fluor 488 

anti-mouse IgG secondary antibody was used for 5mC and Alexa Fluor 594 anti-rabbit was used 

for DNMT1 (Invitrogen, Carlsbad, CA). After a final PBS wash, each section was mounted on 

slides, air-dried, and coverslipped with prolong antifade gold reagent (Invitrogen, Carlsbad, CA).  

3.3.2 Imaging and Image Processing 

Sections were examined using a Zeiss Fluorescence microscope and images were captured with 

an AxioCam ICc1 camera (Zeiss, Jena, Germany). Four hippocampal sub-regions (DG, CA1, 

CA2, and CA3) were imaged at 20x magnification for each section (Figure 15). A total of 3 (four 

hour time point) or 4 (all other time points) images were taken in each region for each animal. 

Images were processed and quantified using ImageJ software (National Institute of Health, 

Bethesda, MD, USA). Background was subtracted using the built-in ImageJ function. To isolate 

5mC or DNMT1 expression from any background fluorescence, a threshold value was 

determined and applied to each image. Mean fluorescence intensity was measured for each 

image. A fluorescence intensity value in each region for each animal was determined by taking 

the average of the replicate images. A total hippocampal expression value was determined 

adding the fluorescent intensity averages per animal for each sub-region. 
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Figure 15. Imaging of the sub-regions of the hippocampus for IHC analysis. Images were taken at 

20x magnification in the DG, CA1, CA2, and CA3 regions of the hippocampus. The sum of these images 

was used as a total hippocampal expression value. 

3.3.4 Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 

RT-PCR was used to measure gene expression from hippocampal tissues. Total RNA was 

extracted using Trizol (Invitrogen, Carlsbad, CA) following the manufacturer’s protocol. RNA 

concentration and purity was determined through ultraviolet measurements at 260 nm and 280 

nm. Reverse transcriptase was used to convert mRNA and random primers to a cDNA template. 

Specific primer sequences were obtained from Primer Express software (Life Technologies, 

Carlsbad, CA) and used for selective amplification. Glyceraldehyde-3 phosphate dehydrogenase 

(GAPDH) was used as an internal control gene. Primer sequences are shown in Table 2. The 

PCR reaction was performed with an Applied Biosystems 7500 real-time PCR system (Applied 

Biosystems, Foster City, CA). The following protocol was used to facilitate the PCR reaction: 1 

cycle (95°C for 10 min), 40 cycles (95 °C for 15 s, 60 °C for 1 min). Results were analyzed using 

the ΔCT method as described previously [184, 185]. 
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Table 2. Primer sequence used for RT-PCR analysis of DNA methylation enzymes. 

Gene Forward Reverse 

DNMT1 TTGTGGTGAGCCAGGTAGAAAGT AAGAAGATGGGCGTCTCATCA 

DNMT3a AAACGGAAGCGGGATGAGT TACTGCAATCACCTTGGCTTTC 

DNMT3b CCCATGTAGCTAGTCCTCCAGAA GGCCACTCCACCCATCCT 

TET1 TGGTAAGAAGGAAACGGAAGTCA CCCCAGCTCTCGTCAGAAGA 

TET2 CCAACCCCCCCTTGATG GCGATAATCTGACACTTTCCTTGTT 

TET3 CAAGGCAAAGACCCCAACAC CTTCCGTGGCGTCTTGCT 

TDG CAGCTGTCAGTCTCCAGGTTTG TTCAGCCCCAGCTTTGATTC 

GAPDH TGGCCTTCCGTGTTCCTACC AGCCCAGGATGCCCTTTAGTG 

 

3.3.5 Statistical Analysis 

Statistical analysis of gene expression data was performed using JMP software. Statistical 

differences between blast and sham were determined using a one-way analysis of variance 

(ANOVA) with Fisher’s least significant difference post-hoc tests. A p-value less than 0.05 was 

considered statistically significant and a p-value less than 0.1 was considered trending towards 

significance.  

3.4 Results 

3.4.1 Characterization of the Temporal Response of DNA Methylation 

To capture the dynamic response of DNA methylation following blast exposure, levels of 5mC 

in the hippocampus were measured at four hours, one week, one, and six months following 

injury using IHC. Figure 16 demonstrates the dynamic 5mC response in the hippocampus 

following injury. At the four hour time point, a trending increase (p=0.067) was observed. A 

dramatic decrease followed, leading to a significant reduction (p=0.013) in 5mC expression at 
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the one week time point. A 12% decrease in 5mC signal was observed between blast and sham. 

These changes returned to basal levels in the chronic stages of the injury showing no differences 

from sham at the one or six month time points. 

 

Figure 16. BOP exposure leads to a dynamic temporal response of global DNA methylation. A 

trending increase in methylation levels was observed at 4 hours (p=0.06), followed by a significant 

decrease at 1 week (p=0.01) compared to sham. No differences were observed in the chronic stages of 

BINT. Data shown represents total hippocampus levels of 5mC and representative images of 5mC 

expression in the DG are shown for each time point. Data shown as mean ± standard error of the mean 

(SEM). * represents p-value<0.05 compared to sham. # represents p-value <0.1 compared to sham. 

The total hippocampus values were determined through summation of the sub-regional average 

fluorescence values. Regional analysis of 5mC levels in the hippocampus is shown in Figure 17. 

The overall trend in total hippocampus 5mC levels were conserved in each sub-region. 

Significant changes were observed in the DG at one week (p=0.007) and CA3 at four hours 

(p=0.028). A trending decrease was also observed in CA1 at one week (p=0.062). No other 

significant changes in 5mC levels were observed between blast and sham. This data suggests that 

the significant decrease in DNA methylation of the hippocampus at one week may be more 

specifically occurring in the DG.  
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Figure 17. Sub-region analysis of 5mC levels in the hippocampus at varying times following BINT. 

Significant decreases were observed in the DG and CA1 at week following blast. A significant increase in 

5mC levels were observed in CA3 four hours after blast. Data shown as mean ± SEM. * represents p-

value<0.05 compared to sham. # represents p-value <0.1 compared to sham. 

To begin to investigate potential influences on the observed changes to 5mC levels in the early 

stages of the injury progression, IHC analysis of DNMT1 in the hippocampus was performed. 

Based on the changes to 5mC levels observed (Figure 16), this analysis was conducted at the 

four hour and one week time points. At this time point, no significant changes were observed in 

DNMT1 expression in the hippocampus (Figure 18). Figure 18 shows there was an observed 

51% decrease in overall DNMT1 expression at one week in the DG between blast and sham 

animals (p=0.0002). An approximate 30% decrease was observed in each of the other sub-

regions (Figure 18). While statistically not significant, each region showed trending decreases 

(CA1, p=0.0982; CA2, 0.0580; CA3, 0.0583). Representative images of DNMT1 expression 

changes in each sub-region of the hippocampus is shown in Figure 19. Together, in the total 

hippocampus, this led to an observed significant decrease in DNMT1 (p=0.0033). Again, the 

dramatic decrease change in expression is primarily attributable to significant changes occurring 
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in the DG. However, decreased expression of DNMT1 was observed throughout the 

hippocampus.  

 

Figure 18. Sub-regional analysis of DNMT1 expression in the hippocampus at varying time points 

following BINT.  No changes were observed at the four hour time point. At one week, decreased 

expression was observed in the DG (p=0.0002) while CA1, CA2, and CA3 showed trending decreases 

(p<0.1) which lead to a significant decrease in the total hippocampus values (p=0.0033) when compared 

to sham. Data shown as mean ± SEM. * represents p-value<0.05 compared to sham. # represents p-value 

<0.1 compared to sham. 
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Figure 19. Representative IHC images demonstrating decreased DNMT1 expression in the 

hippocampus one week after blast. Significant (p<0.05) or trending (p<0.1) decreases were observed in 

each of the sub-regions of the hippocampus. 

From Figure 16, there appears to be a period of recovery between the one week and one month 

time point in which the 5mC levels are returned to sham. To investigate the expression of key 

enzymes responsible for regulating the level of 5mC residues, RTPCR analysis was performed in 

the hippocampus two weeks after injury. The two week time point is within the previously 

defined period of recovery (Figure 16). The regulation of DNA methylation was broken into 

three phases: methylation, oxidation, and repair. The expression of the enzymes important to 

normal function of each of these phases was measured. The methylation phase includes the 

enzymes responsible for facilitating the addition of a methyl group to 5’ location of the cytosine 

ring. DNMT3a and DNMT3b showed unaltered mRNA expression. DNMT1 showed a 26% 

increase in mRNA expression over sham levels which may be indicative of a recovery process 

following the dramatic decreases shown in Figure 20. In the oxidation phase of the pathway, 

TET enzymes were measured. Expression levels of TET2 were significantly increased over sham 

levels. No changes were observed for TET1 or TET3. Once oxidized, these bases can undergo 

TDG-dependent base excision. Increased mRNA expression of TDG was observed in the 

hippocampus. 
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Figure 20. BOP exposure leads to altered expression of key enzymes involved in DNA 

methylation/demethylation. Increased expression was observed for DNMT1, TET2, and TDG and may 

represent recovery processes following blast-induced changes to 5mC levels. Data expressed as 

mean±SEM. * indicates p<0.05 when compared to sham. 

3.5 Discussion 

Several studies have shown the widespread gene expression changes following TBI. However, 

little is known about the underlying molecular details of gene regulation and their involvement in 

the progression of the injury. These details may be critical in developing strategies for 

therapeutic intervention in the acute or chronic stages of the injury. This study revealed 

pathological DNA methylation levels with corresponding protein and mRNA expression changes 

in enzymes critical to maintaining and regulating DNA methylation. These changes were 

observed in the hippocampus, a clinically relevant brain region implicated in pathological 

memory impairments. Since DNA methylation is an important transcriptional regulatory 

mechanism, these changes have the potential to trigger a wide variety of cellular response which 

may be critical to the pathophysiology.  

The chosen time points correspond to acute, sub-acute, and chronic stages of the injury. The 

stages of injury are identifiable by unique neuropathology characterized by different molecular 

and cellular processes [117]. The acute response (four hours) is typically characterized by 
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primary damage including cytoskeletal damage, necrosis, and BBB disruption. Following blast, 

several studies have noted a leaky BBB that contributes to the injury pathology through various 

mechanisms, some of which involve hypoxia. At this time point, trending increases in DNA 

methylation (p=0.067, Figure 16) were observed. Increases in DNA methylation have been 

observed in various disease states in response to hypoxia [186-189]. Therefore, the slight 

increases in DNA methylation may result from cellular responses to hypoxic conditions in the 

acute stages following blast.  

The largest changes in DNA methylation were observed at the one week time point where blast 

animals showed a 12% decrease in DNA methylation levels compared to their sham 

counterparts. Several secondary injury cascades have been highlighted at the one week time 

point after injury. Among these are various neuroinflammatory processes and glial cell 

activation. Changes in DNA methylation have been implicated in neuroinflammation [176, 177]. 

Haghighi et al. [177] found decreased global methylation patterns in glia cells relative to neurons 

following blast [177]. Similarly, a subset of microglia/macrophages showed global decreases in 

DNA methylation levels following impact-TBI [176]. Decreased memory has also been observed 

at this time point. Interestingly, global methylation decreases in the hippocampus have been 

shown to lead to memory impairments. Together, the decreased DNA methylation in the 

hippocampus may be important to ongoing inflammatory processes as well as the manifestation 

of memory impairments following injury. 

In order to investigate potential causes of the observed DNA methylation changes, IHC analysis 

of DNMT1 at the four hour and one week time point was performed. DNMT1 is an important 

enzyme that is responsible for facilitating the addition of methyl groups to cytosine residues. As 

a result, such dramatic decreases in DNMT1 at the one week time point may suggest its role in 

the corresponding decrease in DNA methylation following blast (Figure 18). Knockout models 

of DNMT1 have shown its ability to lead to decreased DNA methylation patterns in the brain 

and neuronal dysfunction [175]. The knockout models also demonstrated impaired synaptic 

plasticity, learning, and memory [175]. An important aspect of DNMT1 function is its strong 

preference towards hemi-methylated DNA sites, indicating a primary role in maintenance 

methylation [190]. Hemi-methylated sites originate from the process of DNA replication during 

which parental strands of DNA maintain methylation patterns and newly synthesized DNA 

strands remain unmethylated. Under normal circumstances, DNMT1 is critical in transferring the 
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methylation patterns of the parental DNA strand to the new strand of DNA. The observed 

decreases in DNMT1 may inhibit this process and lead to the observed decrease in DNA 

methylation at the one week time point. Interestingly, cell proliferation has also been observed at 

this time point, including in astrocytes. Susarla et al [191] showed that astrocyte proliferation is 

dramatically increased one week following TBI in mice [191]. Taken together, changes in DNA 

methylation levels may be important to astrocyte function and result from substantial decreases 

in DNMT1 expression following injury. Thus, the importance of DNMT1 in the BINT pathology 

is highlighted and have direct impacts on neuronal function and clinical impairments. 

The chronic implications of blast exposure are a significant aspect to the treatment and care of 

those affected. Therefore, understanding the ongoing pathology during those stages is an 

important, yet outstanding, question. Figure 16 demonstrates the ability of blast exposure to 

cause abnormal DNA methylation responses in the hippocampus. However, these global DNA 

methylation changes are ameliorated by the one month time point and remain at basal levels at 

the six month time point. This observations implies that global levels of DNA methylation 

remain unchanged but does not provide any evidence about the specific patterns of DNA 

methylation. Altered patterns of DNA methylation have been noted at the six month time point 

following blast injury [177]. Altered methylation patterns at various gene promoters can affect 

transcription and continue to drive the BINT pathology despite the absence of global methylation 

changes. Therefore, because of the presence of clinical impairments, these stages of the injury 

should continue to be investigated. 

The response of DNA methylation levels between the one week and one month time points 

demonstrates a period of recovery in which sham levels on 5mC residues are restored. Figure 20 

provides insight into important transcriptional responses during this period. Of particular 

significance is the significant increase in DNMT1 mRNA levels. This suggests on going 

transcriptional activity to replenish the previously depleted levels of DNMT1 protein. 

Interestingly, TET2 and TDG were also upregulated at this time point. This may suggest a role 

for increased oxidation and removal of oxidized bases from DNA. Because oxidized bases have 

been shown to elicit biological functions in the DNA, future work should seek to measure the 

levels and distribution of these bases. 

It should be noted that while DNMT, TET, and TDG enzymes have a direct impact on 5mC 

levels, the altered methylation levels may involve other mechanisms including affected enzyme 
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localization, oxidative stress, or passive diffusion of oxidized cytosine residues. Enzyme 

localization may play a role in the ability to affect the methylation status of DNA. In response to 

TBI, DNMT1 has been shown to relocalize from the nucleus to the cytoplasm in astrocytes 

[178]. As a result, the removal of methyl groups from DNA may dominate and lead to the 

hypomethylation observed here and in previous studies [176, 177, 192]. Relocalization of these 

enzymes may also indicate secondary functions implicated in various cellular processes 

following injury. Oxidative stress may be another factor in the dynamic methylation levels 

following BOP exposure. Oxidative stress is a well-documented consequence of BINT and TBI 

[55, 76, 82, 113, 124, 147] and has been shown to effect DNA methylation [193]. Oxidative 

stress and ROS accumulation can lead to DNA damage which prevents the methylation of 

nucleotides [194]. Thus, damage to the DNA resulting from ROS accumulation may lead to the 

aberrant methylation patterns observed. A final potential mechanism for decreased methylation 

following injury is passive diffusion through DNA replication. Cytosine residues oxidized by 

TET enzymes are subject to depletion due to DNA replication.  Through passive diffusion these 

residues will be reverted to unmodified cytosine [171]. TBI has been shown to induce cell 

proliferation [195], during this proliferation the methylation levels may be gradually depleted, 

leading to the measured decreases in methylation.  

3.6 Conclusion 

The work presented within this has successfully begun to characterize the DNA methylation and 

DNMT1 changes following BINT in the hippocampus, as specified in Specific Aim 1. Time-

dependent global DNA methylation changes occurring in the various stages of the injury 

including slight increases at four hours followed by a significant decrease at the one week time 

point before returning to sham levels in the chronic stages. The change at one week was 

accompanied by decreased expression of DNMT1. Interestingly, these changes occurred 

throughout the hippocampus but the DG region appeared to most susceptible. At the two week 

time point, mRNA levels of DNMT1 were increased which may suggest the recovery processes 

to ameliorate the pathological decrease in DNMT1 at the one week time point. These results 

suggest that DNA methylation may play a role an important role throughout the progression of 

the BINT pathology. Together, the DNA methylation equilibrium provides a novel avenue for 
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further investigation and therapeutic intervention and the work here may present a potential 

therapeutic window. 

3.7 Future Directions 

This work establishes broad changes in DNA methylation that may underlie several important 

pathological features. However, many questions remain unanswered. To discern specific 

pathological features that are affected by the abnormal DNA methylation levels, new studies 

should employ functional inhibitors targeting DNMA methylation enzymes. By doing so, levels 

of DNA methylation can be manipulated to provide a mechanistic understanding of the role of 

methylation levels in BINT pathology. Inhibitors such as 5-azacitidine have been shown to 

effectively inhibit DNMT enzymes and reduce methylation levels [196]. Inhibition of TET 

enzymes, which would theoretically increase DNA methylation, has been more challenging 

[197]. However, their importance in maintenance of the DNA methylation levels has been 

observed [197]. Through therapeutic manipulation of this equilibrium, it may be possible to 

decipher specific neurological and cellular processes that are regulated by the DNA methylation 

equilibrium. Previous studies have demonstrated changes in methylation in glial cells following 

BINT [177], this strategy provide a therapeutic strategy for targeting the persistent glial cell 

activation. 

The process of DNA methylation and demethylation involves the sequential oxidation of 

methylated cytosine residues into various forms. Most research focuses on understanding DNA 

methylation, however a role for these oxidized cytosine residues has also been observed [198]. 

As such, future studies should not be limited to methylation changes but should also seek to 

investigate changes in other DNA modifications [199-202], especially 5-hydroxymethylcytosine. 

This may be done using methods similar to those presented here or by enzyme-linked 

immunosorbent assay (ELISA). Alternatively, 5-hydroxymethylcytosine residues in mammalian 

genomic DNA can be measured with high specificity and sensitivity using solid-state nanopore 

technology [203]. 

The IHC analysis performed here provides quantitative evidence of 5mC changes but the specific 

genomic location and effect of these changes remains unknown. Future work should investigate 

DNA methylation patterns through bisulfite conversion and next generation sequencing. DNA 
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methylation patterns of specific gene loci, may guide future studies in investigating the cellular 

and molecular response to BOP exposure. Alternatively, since DNA methylation patterns can be 

used to identify specific brain regions and cell types, understanding these changes following 

injury may have direct translational relevance by providing diagnostic or treatment information 

[204-208].   

Another outstanding question is the identification of specific cell populations in the hippocampus 

that are being affected by altered DNA methylation levels. Preliminary analysis can be done 

using the IHC analysis with co-stained cell specific markers such as GFAP, ionized calcium 

binding adaptor molecule 1 (IBA1) and NeuN. However, thorough analysis should employ cell 

sorting techniques to isolate and study specific genes that are dysregulated in specific cell types 

following the injury. This can be done by employing fluorescence-activated cell sorting (FACS) 

techniques, which utilizes flow cytometry to distinguish between cells stained with specific 

markers, such as those mentioned above. The feasibility of this has been demonstrated 

previously [177, 209].  

DNA methylation changes have been observed within the BINT as early as fours (shown above) 

and as late as six months [177]. Similarly, the neuropathology and neurological impairments 

exist well into the chronic stages of the injury [9]. Therefore, studies should continue to evaluate 

various stages of the injury pathology, especially the subacute stage which appears to be 

susceptible to large changes in DNA methylation.  
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Chapter 4: Investigation of histone acetylation aberrations in the 

BINT pathology  
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The images and text within Chapter 3 are adapted, in part, from Bailey, Z.S., Grinter, M.B., and 

VandeVord, P.J. (2016) Astrocyte Reactivity Following Blast Exposure Involves Aberrant 

Histone Acetylation. Front Mol Neurosci 9(64), 1-13.  
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4.1 Introduction 

Recent research efforts have focused on the blast-induced abnormalities of glial cells, 

specifically astrocytes. These studies have demonstrated the importance of reactive astrocytosis 

to the sustained injury pathology and diverse pathological outcomes. Histone acetylation has 

been implicated in neurological processes, such as memory, as well as the manifestation of a 

reactive astrocyte phenotype, yet not studies have investigated its role in the BINT pathology. 

The goal of this chapter is to assess histone acetylation changes in the brain and their potential 

role in astrocyte activation following blast exposure in accordance with Specific Aim 2. The 

hypothesis for this study is that histone acetylation changes are involved in astrocyte activation 

in the sub-acute stages of the injury. Such changes may lead to chronic pro-inflammatory 

processes through transcriptional dysfunction. Ultimately, characterizing the role for histone 

acetylation in transcriptional regulation following blast may provide a novel therapeutic strategy.  

4.1.1 Statement of Problem 

There are over 1.7 million incidences of TBI in the United States annually [210]. These occur 

with a variety of injury mechanisms (including blast) and severities. Thus, finding efficient 

treatment strategies becomes increasingly complicated and no treatment options have made it 

passed Phase III clinical trials. Further complexity is added to the problem by the lack of 

understanding of injury mechanisms on the cellular and molecular levels. The failure of various 

drug treatments, especially anti-inflammatory attempts, has been attributed to this lack of 

understanding [19]. Brain injury is often accompanied by neuroinflammation which can be 

sustained into the chronic stages of the pathology. This has been observed not only for blast-

induced injuries, but also impact related injuries as well. Studies have shown that while 

inflammatory processes may carry beneficial effects, prolonged inflammation can be detrimental 

to recovery efforts. In fact, chronic inflammation has been tied to neurodegeneration. Traditional 

efforts to find effective therapeutic strategies have employed generalized drugs with broad 

effects on cellular processes and have been largely inefficient [19]. Beginning to understand the 

mechanisms underlying these processes may provide more specific therapeutic targets and be the 

first step in increasing therapeutic design efficiency. 
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4.1.2 Significance 

TBI remains a large societal burden due the prevalence, morbidity, and costs. Therefore, 

elucidating treatment options is a top priority. In fact, within each of the last three years, the 

United States Department of Defense has provided $150-$200 million towards translational TBI 

research [211]. The work presented in this chapter seeks to investigate histone acetylation 

changes in the brain following blast exposure. The potential influence of these changes on 

ongoing inflammatory processes will be evaluated. This will provide valuable information for 

understanding the molecular mechanisms of glial cell activation following BINT, as well as 

developing novel therapeutic strategies and targets.  

4.2 Literature Review 

In order to facilitate efficient storage of DNA in the cell, DNA organization and storage is aided 

by direct interaction with histone proteins. Histones are basic proteins that have high affinity for 

DNA binding due to their positive charges. There are four core histone proteins (H2a, H2b, H3, 

and H4). The nucleosome is made up of two copies of each of these proteins assembled into 

octameric core around which DNA is wrapped [212]. The tertiary structure of each core protein 

includes three α-helices and a variable length, lysine rich, N-terminal tail [213]. The helical 

structure of proteins is important to promote their association with other core histones while the 

N-terminal tail is important to chromatin stability and organization through post-translational 

modifications [214]. Each nucleosome is separated by a variable length of DNA which is 

associated with a linker histone H1 protein [214].  

Core histone molecules are subject to a variety of reversible post translational modifications 

including acetylation, methylation, phosphorylation, and sumoylation among others. The 

modifications are often made to specific amino acids in the histone tails and can trigger 

important structural changes of the nucleosome and chromatin resulting in relaxation or 

compaction of DNA. Regulation of chromatin accessibility controls gene expression by 

permitting or inhibiting the binding of transcription factors. Acetylation on each major histone 

protein (H2a, H2b, H3, and H4) typically occurs on lysine residues within the N-terminal tail 

[215]. Addition of the acetyl group (CH3CO-) neutralizes the positive charge and decreases the 

histone affinity for DNA [216]. Decreased DNA-histone affinity leads to chromatin relaxation 



61 

 

and promotes transcription through increased transcription factor accessibility (Figure 21). 

Alternatively, removal of acetyl groups from the histone tail increases DNA-histone affinity, 

causing chromatin compaction and transcriptional repression. Histone modifications can also 

serve as a marker to recruit proteins for specific gene expression. 

Levels and patterns of histone acetylation are maintained through a dynamic equilibrium 

between HDAC and HAT enzymes (Figure 21). HATs facilitate the addition of acetyl groups to 

N-terminal tails of histone proteins and HDACs facilitate their removal. These enzymes are 

critical to maintaining proper chromatin structure and function since pathological changes in 

their activity or expression levels can lead to histone acetylation imbalance. Such imbalance has 

the potential to alter cellular function beginning at the transcription level.  

 

Figure 21. Regulation of gene transcription through histone acetylation.  Unmodified histone proteins 

are associated with a compact chromatin that mitigates gene transcription. Histone acetylation, facilitated 

by HAT enzymes, leads to relaxation of the chromatin which promotes gene expression. This process is 

reversible by the function of HDAC enzymes which remove acetyl groups from histone proteins. 

Control over histone acetylation patterns, through HDAC and HAT enzymes, has been linked to 

intracellular signaling pathways NF-kB and MAPK (Figure 22) [217-223]. NF-kB is an 
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inducible cytoplasmic protein that upon induction translocates to the nucleus. Within the nucleus, 

NF-kB forms specific complexes which can have either HDAC or HAT activity [217]. Oxidative 

stress and TNF-α mediated signaling, two outcomes involved in the BINT pathology, have been 

shown to induce NF-kB and histone acetylation changes [219]. Moreover, NF-kB dependent 

histone acetylation has been proved to be an important aspect of memory and mediator of 

inflammatory responses [218]. Studies have also shown that MAPK pathways are also important 

to regulating histone acetylation [220-223]. However, it may be that these pathways converge at 

a common secondary effector molecule following nuclear translocation [224]. 

 

Figure 22. Simplified extracellular-signal regulated kinase (ERK), MAPK, and NFκB signaling 

pathways leading to HDAC and HAT regulation. Secondary effectors ERK1/2, p38 MAPK, and NFκB 

translocate to the nucleus upon extracellular stimulation under pro-inflammatory conditions. Within the 

nucleus, these molecules can facilitate histone acetylation or deacetylation processes. 

Several studies have demonstrated the importance of histone acetylation in memory formation, 

learning, and synaptic plasticity [10-16]. These studies have shown that in wild-type animals, 

memory function and learning increase with increasing histone acetylation in memory-related 
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brain regions [13, 225]. On the contrary, genetic intervention leading to histone hypo-acetylation 

was shown to decreased memory which was manifested as decreased recognition memory [226].  

Astrocyte activation and inflammatory processes have also been found to involve histone 

acetylation. Correa et al. [17] found that lipopolysaccharide-induced activation of microglia 

leads to cytokine release that triggers astrocyte activation and histone hypoacetylation [17]. 

Similarly, it has been shown that histone acetylation negatively regulates expression of glial 

fibrillary acidic protein (GFAP), a widely used marker for astrocyte activation [18]. 

To date, no studies have investigated histone acetylation changes within the BINT pathology. 

However, few studies have investigated histone acetylation alterations using in vivo models of 

impact TBI. These models have demonstrated acute histone hypoacetylation in the hippocampus 

[227, 228]. Other studies have focused on evaluating the efficacy of HDAC inhibitor (HDACi) 

administration and found that HDAC inhibition leads to decreased inflammation and improved 

cognition following impact TBI. These results suggest a role for histone acetylation in the 

injured brain. Histone acetylation has also been linked to tau hyperphosphorylation which has 

been associated with several other neurological disease, specifically AD [229].  

4.3 Methods 

4.3.1 Animals and Blast Exposure 

The study described herein was carried out in accordance with experimental protocols approved 

by the University Institutional Animal Care and Use Committee at Virginia Tech. Prior to any 

experimentation, male Sprague Dawley rats weighing approximately 250–300 g (Envigo, 

Dublin, VA, USA) were acclimated for several days (12 h light/dark cycle) with food and water 

provided ad libitum. The blast wave was generated using a custom ABS (Figure 13) as described 

previously in Section 3.3.1.  

Prior to blast exposure, animals were anesthetized with 3% isoflurane and placed in the ABS. 

Each animal was supported in the prone position inside the ABS facing the oncoming shock 

front using a mesh sling. Animals were subject to a mild injury characterized by a single peak 

overpressure exposure of 17 psi. Sham animals received the same procedures with the exception 
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of blast wave exposure. Following sham or blast procedure, animals were observed through the 

recovery stages of injury and anesthesia.  

4.3.2 Novel Object Recognition Test 

Blast induced short-term memory impairments were evaluated using the novel object recognition 

(NOR) test. Animals were acclimated to the NOR arena (80 cm × 80 cm) and room prior to blast 

or sham procedure. The NOR test was administered two and seven days following blast 

exposure. The test consisted of two phases: T1 (familiarization phase) and T2 (testing phase). 

During T1, the animal was placed into the arena and allowed to familiarize with two identical 

objects for 5 min. For T2 the animal was placed into the same arena with one of the objects 

replaced with a novel object and allowed to explore for another 5 min. Novel object location was 

randomly assigned between the two object locations. The T2 phase occurred 20 min following 

T1 phase to elicit short-term memory response. The NOR test procedures are summarized by 

Figure 23. In order to preserve novelty between time points, different novel objects were used 

during the two day and seven day tests. For all tests, the experimenter left the room immediately 

after the start of each trial to avoid potential influences on behavior. The arena was cleaned 

following each trial. 

 

Figure 23. Schematic representation of NOR arena and object locations and testing phases. The test 

is carried out in a dark room without the investigator present. The novel object location is assigned 

randomly. During repeated NOR tests, a new novel object is chosen to maintain novelty. 

All trials were recorded and tracked at 30 frames per second using EthoVision XT (Noldus 

Information Technology, Leesburg, VA, USA). Three point tracking was performed and 

included tracking of the nose-point, center of body, and base of the tail. The animals’ preference 

to explore the novel object was assessed using a discrimination index which represents the 
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fraction of time spent at the novel object (Equation 5). Exploration was measured when the nose-

point entered a 4 cm zone surrounding each object. The total time spent within these zones was 

used to calculate the discrimination index. Accurate tracking of each trial was confirmed through 

video analysis by an investigator blind to trial and treatment information. 

Equation 5. Discrimination Index for Novel Object Recognition Test 

𝐷𝑖𝑠𝑐𝑟𝑖𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝐼𝑛𝑑𝑒𝑥 =  
𝑡𝑛𝑜𝑣𝑒𝑙 𝑜𝑏𝑗𝑒𝑐𝑡

𝑡𝑛𝑜𝑣𝑒𝑙 𝑜𝑏𝑗𝑒𝑐𝑡 + 𝑡𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟 𝑜𝑏𝑗𝑒𝑐𝑡
 

Performance on the test was compared to a discrimination index of 0.5 which represents equal 

time spent at both objects (Figure 24). Due to the animals’ innate exploratory behavior, intact 

memory was interpreted as increased time spent at the novel object (Discrimination Index > 0.5). 

Poor discrimination of the novel object has been previously shown to reflect damage to memory 

formation [230, 231]. Therefore, memory deficit was interpreted by the animals’ inability to 

discern the novel object (Discrimination Index ≤ 0.5). 

Animals were excluded from further analysis if the animal demonstrated greater than 90% side 

preference during the T1 phase as a spatial preference to the arena will likely mask any memory 

driven behavior. Side preference was determined through comparison of time spent at the two 

identical objects. A 10s minimum combined exploration time was required for inclusion in the 

analysis to avoid animals with reduced activity levels. 

4.3.3 Tissue Collection and Analysis 

Animals were anesthetized with 5% isoflurane and perfused transcardially with PBS seven days 

following sham or blast procedures. Brains were extracted and sectioned in half along the 

midline. Half of the brain was immediately stored in 4% paraformaldehyde in preparation for 

IHC analysis. The other half underwent microdissection procedures. The tissue was placed on a 

cold brain matrix and cut into 2 mm coronal sections. Brain punches were taken to isolate 

prefrontal cortex. Isolated tissues and remaining brain sections were immediately frozen on solid 

CO2 prior to further analysis. 
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4.3.4 Capillary-Based Western Blot Analysis 

4.3.4.1 Total/Acetylated Histone and Glial Cell Analysis 

Histone and cytoplasmic proteins were extracted as described by Rumbaugh and Miller [232]. 

Briefly, prefrontal cortex tissue was homogenized in a Dounce homogenizer. The homogenate 

was centrifuged and the supernatant was saved as the cytoplasmic protein fraction. The pellet 

was resuspended in sulfuric acid to isolate histone proteins. Histones, being basic proteins, are 

acid soluble while most proteins precipitate out of sulfuric acid solution. Acetone was used to 

precipitate the histones, which were then resuspended in a buffer containing 10 mM Tris-HCl 

and protease inhibitor cocktail (Sigma Aldrich, St. Louis, MO, USA). This protocol has been 

proven effective for isolating histone proteins while preserving their posttranslational 

modifications [232]. Protein concentrations were determined by Bicinchoninic acid assay (BCA; 

Thermo Fisher Scientific, Waltham, MA, USA), following the manufacturers protocol. Samples 

were stored at −80°C until Western blot analysis. 

A capillary-based Western blot analysis (Simple Western) was performed using the WES system 

(ProteinSimple, Santa Clara, CA, USA). Protein samples were diluted and prepared by 

manufacturers’ protocol. The samples were denatured at 95°C for 10 min. After loading the 

plate, electrophoresis separation, antibody incubation, and chemiluminescence detection was 

carried out within the WES system using default settings. Specific antibodies for GFAP (Abcam, 

Cambridge, UK), IBA1 (Biocare Medical, Concord, CA, USA), H2a (Cell Signaling 

Technologies, Danvers, MA, USA), H2b (Cell Signaling Technologies, Danvers, MA, USA), H3 

(Cell Signaling Technologies, Danvers, MA, USA), H4 (Cell Signaling Technologies, Danvers, 

MA, USA), acetyl-H2a (AH2a; Cell Signaling Technologies, Danvers, MA, USA), acetyl-H2b 

(AH2b; Cell Signaling Technologies, Danvers, MA, USA), acetyl-H3 (AH3; Cell Signaling 

Technologies, Danvers, MA, USA), and acetyl-H4 (AH4; Cell Signaling Technologies, Danvers, 

MA, USA) were used. 

The area under each electropherogram peak of interest was calculated using Compass software 

(ProteinSimple, Santa Clara, CA, USA). Peak fits were confirmed through analysis by an 

investigator blind to treatment. Expression for GFAP and IBA1 was normalized to actin. Since 
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actin was not present in the histone extracts, all histone expression was normalized to total H4 

protein [232]. 

4.3.4.2 NFκB and MAPK Analysis 

Nuclear and cytoplasmic protein fractions were extracted using a commercially available kit 

(Epigentek). Briefly, cortical tissue was homogenized in a Dounce homogenizer. The 

homogenate was centrifuged and the supernatant was saved as the cytoplasmic protein fraction. 

The pellet was resuspended and sonicated. Samples were briefly centrifuged to remove cellular 

debris. The supernatant, containing nuclear proteins, was collected. Protein concentrations were 

determined by BCA (Thermo Fisher Scientific, Waltham, MA, USA), following the 

manufacturers protocol. Samples were stored at −80°C until Western blot analysis. 

A capillary-based Western blot analysis (Simple Western) was performed as previously 

described. Specific antibodies for ERK1/2 (Cell Signaling Technologies, Danvers, MA, USA), 

p38 MAPK (Cell Signaling Technologies, Danvers, MA, USA), and NFκB-p65 (Cell Signaling 

Technologies, Danvers, MA, USA) were used. Actin (Sigma-Aldrich) was used as a loading 

control for normalization purposes. 

Area under each electropherogram peak of interest was calculated using Compass software 

(ProteinSimple, Santa Clara, CA, USA). Peak fits were confirmed through analysis by an 

investigator blind to treatment. The area of each protein of interest peak was normalized the 

measured area under the actin peak. The percent of nuclear localization was calculated by 

dividing the nuclear signal (normalized to actin) by the summation of the nuclear and 

cytoplasmic signal (normalized to actin), as shown by Equation 6 below: 

 

Equation 6. Nuclear Localization Equation 

%𝑁𝑢𝑐𝑙𝑒𝑎𝑟 𝐿𝑜𝑐𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑁𝑢𝑐𝑙𝑒𝑎𝑟 𝐴𝑟𝑒𝑎

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑁𝑢𝑐𝑙𝑒𝑎𝑟 𝐴𝑟𝑒𝑎 + 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐶𝑦𝑡𝑜𝑝𝑙𝑎𝑠𝑚𝑖𝑐 𝐴𝑟𝑒𝑎
 

4.3.5 IHC Analysis 

Brains were fixed in 4% paraformaldehyde and dehydrated in 30% sucrose solution prior to 

sectioning. Fixed brains were embedded and frozen in OCT medium (Sakura Finetek Inc., 
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Torrance, CA, USA). Coronal sections (40 μm) were prepared in a cryostat microtome (Thermo 

Scientific Inc., Waltham, MA, USA) and stored in PBS containing sodium azide at 4°C prior to 

staining procedures. 

IHC was performed on randomly selected prefrontal cortex sections (N = 3 sections/animal, 8 

animals/group) containing the anterior cingulate cortex to investigate GFAP and AH3 co-

localization. Tissue sections were rinsed with PBS and incubated in 3% bovine serum albumin 

blocking buffer for one hour. Sections were then incubated in primary antibody diluted in 

blocking buffer overnight at 4°C. Specific antibodies for GFAP (Invitrogen, Carlsbad, CA, USA) 

and AH3 (Cell Signaling Technology, Danvers, MA, USA) were used. Samples were washed 

with PBS prior to incubation with secondary antibodies Alex Fluor 555 anti-rabbit IgG and 

fluorescence-tagged fluorescein isothiocyanate anti-rat IgG. Both secondary antibodies were 

used at 1:500 dilution in blocking buffer. After being washed with PBS, sections were mounted 

on slides, air-dried, and coverslipped with prolong antifade gold reagent with 6-diamidino-2-

pheylindole (DAPI; Invitrogen, Carlsbad, CA, USA). Sections were examined using a Zeiss 

fluorescence microscope and images were captured with an AxioCam ICc1 camera (Zeiss, Jena, 

Germany). Three regions of interest within the anterior cingulate cortex were imaged at 20× 

magnification for each section. Within each area, images were taken using three different 

fluorescent filters to capture GFAP, AH3, and DAPI signal. An average intensity value was 

derived from a total of nine images (three regions of interest, three coronal sections) for each 

animal. To confirm co-localization, randomly chosen slides were imaged using a confocal 

microscope at 63× magnification (Zeiss, Jena, Germany). 

Images were processed and quantified using ImageJ software (National Institute of Health, 

Bethesda, MD, USA). Corresponding GFAP and AH3 images were merged. Background was 

subtracted using the built-in ImageJ function. A common threshold value was determined and 

applied to each composite image to isolate only pixels with both GFAP and AH3 expression. 

Green (GFAP) and red (AH3) fluorescent intensity of the resultant image was measured. AH3 

signal was used to assess AH3 levels of astrocytes. 
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4.3.6 Statistical Analysis 

Results from the NOR test were analyzed using a univariate repeated measures ANOVA with 

random effect. The change in novel object discrimination over time was compared between 

groups. Differences in novel change between the two and seven day trials was considered 

significant when the p-value was less than 0.05. The Shapiro-Wilk test and Levene’s test were 

used to verify assumptions of normality and homoscedasticity, respectively. Statistical outliers 

were determined through residual analysis. 

A one-way ANOVA was used to assess differences following Western blot and IHC analyses. 

Differences were considered significant when the p-value was less than 0.05. The Shapiro-Wilk 

test and Levene’s test were used to verify assumptions of normality and homoscedasticity, 

respectively. In the event that one of these assumptions was not met, logarithmic or square root 

transformations were imposed on the data prior to statistical comparisons. 

4.4 Results 

Figure 24 shows representative heat maps demonstrating the difference in memory performance 

between blast and sham groups. Blue represents the least amount of time spent during the trial 

and red represents large fractions of time spent in that location. The white circle represents the 

novel object and the familiar object is located in the opposite corner. In the left panel of Figure 

24 the animal was able to recognize the novel object and demonstrated preference to that object. 

The right panel shows memory deficit, in which the animal spent approximately equal times at 

either object.  

The change in discrimination index between the two and seven day time points for each group is 

summarized in Figure 25. Sham animals demonstrated a small increase in novel object 

preference over the five day time period. Animals subjected to blast exposure showed a dramatic 

decrease of approximately 23% between the two and seven day time points. This change 

between time points was significant when compared to sham (p<0.05) and likely demonstrates 

the beginnings of blast-induced memory impairments. 
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Figure 24. Representative heat maps resulting from NOR tracking.  Animals demonstrating in-tact 

recognition memory will preferentially explore the novel object (white circle) and have a discrimination 

index >0.5 (left panel). Animals with memory impairment are unable to discern the novel and familiar 

objects and have a discrimination index approximately equal to 0.5 (right panel).  

At seven days, brains were extracted and prepared for ex vivo analysis. PFC tissue was isolated 

and histone proteins were extracted for Western blot analysis. Figure 26 shows protein levels of 

AH2a, AH2b, AH3, and AH4. Significantly decreased acetylation levels of H2b, H3, and H4 

were observed. No significant changes in acetylation levels were found for H2a. To confirm that 

the observed changes did not stem from altered histone expression levels, total histone protein 

levels were measured. Interestingly, no changes in total protein levels were observed for any 

histones (Figure 27). 

 

Figure 25. Blast-induced memory decline.  The difference in discrimination index between the two and 

seven day time points is shown following blast and sham procedures. A positive change represents 
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increase in novel object preference, while a negative change represents decreased novel object preference 

between time points. Across time points, the blast group demonstrated a significant change in memory 

compared to sham. Data expressed as mean±SEM. * indicates p<0.05 when compared to sham. 

 

Figure 26. Hypoacetylation of H2b, H3, and H4 found in the PFC following BOP exposure.  (a) 

Western blot images created by Compass Software (ProteinSimple, Santa Clara, CA, USA) representing 

modified and total histone expression in the PFC. (b) Western blot analysis revealed levels of AH2b, 

AH3, and AH4 were significantly decreased following blast. Data expressed as mean±SEM. * indicates 

p<0.05 when compared to sham. 
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Figure 27. No significant changes were observed for total histone proteins.  H4 demonstrated no 

significant changes between blast and sham groups and was used as a loading control in histone extracts, 

as previously described by [232].  

In order to test the hypothesis that altered histone acetylation patterns may play a role in 

neuroinflammation and glial cell activation, levels of glial cell markers within the PFC, were 

measured. Figure 28 shows a significant increase in GFAP (a marker for astrocytes) (p<0.05), 

and no change in IBA1 (a marker for microglia) as measured by Western blot.  

 

Figure 28. Evidence of neuroinflammation occurring in the PFC, specifically reactive astrocytosis.  

Western bot analysis showed increased GFAP protein in the PFC of animals exposed to blast. No 

significant change was observed for IBA1. Data expressed as mean±SEM. * indicates p<0.05 when 

compared to sham. 

After observing significant increases in GFAP levels, a co-localization IHC analysis with AH3 

and GFAP was performed. Previously, AH3 has been implicated in astrocyte activation [16, 17]. 
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Representative immunofluorescent images are shown in Figure 29a. Here, green fluorescent 

represents GFAP expression and red is AH3 expression.  To confirm localization, images were 

taken using confocal microscopy at 60x magnification. Figure 29b shows co-localized signal of 

GFAP and AH3 of a few astrocytes. Figure 29c describes changes to AH3 signal when it 

overlaps GFAP signal. When co-localized with GFAP, AH3 signal was decreased in the blast 

animals compared to sham. These results suggest that the blast-induced astrocyte reactivity may 

involve histone acetylation decreases. 

 

Figure 29. Astrocyte reactivity involves decreased H3 acetylation. (a) Representative images 

following IHC analysis. Green fluorescence represents GFAP expression while red represents AH3. In 

order to isolate AH3 expression in astrocytes, only co-localized pixels were measured for analysis. (b) 

Decreased AH3 was observed in astrocytes following blast. (c) Images of astrocytes from sham and blast 
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animals taken at 63x to confirm co-localization and demonstrate the observed changes in AH2 levels.  

Data expressed as mean±SEM. * indicates p<0.05 when compared to sham. 

Enzymatic regulation of histone acetylation is directly facilitated by HAT and HDAC enzymes 

and indirectly by various signaling pathways including MAPK and NFκB. Upon activation, 

specific signaling molecules can translocate to the nucleus and coordinate histone acetylation or 

deacetylation processes (Figure 22). In order to assess these changes in the BINT pathology, 

cellular proteins were extracted in specific cytoplasmic and nuclear fractions. Western Blot 

analysis was used to measure levels of each specific protein in both protein fractions. Figure 30 

demonstrates the changes in nuclear localization of ERK1/2, p38 MAPK, and NFκB-p65. Each 

signaling molecule showed increased nuclear localization when compared to sham. This may 

indicate aberrant regulation of the HAT/HDAC equilibrium following blast.  

 

Figure 30. Blast exposure triggers nuclear relocation of key signaling molecules involved in HDAC 

and HAT regulation.  Western blot analysis revealed increased nuclear localization of ERK1/2, p38 

MAPK and NFκB-p65 following blast. Data expressed as mean±standard deviation. *p<0.01 when 

compared to sham. 

Altered histone acetylation patterns can lead to altered chromatin organization and 

transcriptional activity. To investigate the role these changes may have on inflammatory gene 

expression, cytokine and cytokine receptor mRNA expression levels were measured using PCR 
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arrays (Qiagen, Hilden, Germany). Figure 31 details the genes observed to have a two-fold or 

greater expression difference between sham and the blast group. Ten of the genes included in the 

PCR array showed increases of two-fold or greater and nine genes showed two-fold or greater 

decreases in expression. The largest change in expression was observed for interleukin 8 

receptor, alpha (CXCR-1; fold regulation = −2334). An increase in chemokine (C-C motif) 

ligand 2 (CCL2/MCP1) was observed and has been previously implicated in blast induced 

neuroinflammation [52]. The CCL2 receptor, chemokine (C-C motif) receptor 2 (CCR2), also 

showed a two-fold increase in expression. Interleukin 1 receptor type 2 (IL1r2), which serves as 

a non-signaling receptor that is important to inhibiting signal from IL-1β, was found 

upregulating and my result from prolonged stimulation from extracellular IL-1β. Chemokine (C-

C motif) ligand 22 (CCL22) expression level was increased 7.7-fold which has observed in other 

inflammatory disease. Taken together, these results support potential alterations of cytokine 

signaling that support a pro-inflammatory environment and may involve histone hypoacetylation. 

 

Figure 31. Altered mRNA expression of several cytokines involved in neuroinflammatory processes.   

Changes in cytokine and cytokine receptor mRNA expression levels between sham and blast group 

determined by polymerase chain reaction (PCR) array analysis. Only genes showing at least a two-fold 

increase or decrease are shown. Chemokine (C-X-C motif) receptor 5, 1 (CXCR5, CXCR1), Chemokine 

(C-C motif) ligand 12, 2, 21, 22, 4, 7 (CCL12, CCL2, CCL21, CCL22, CCL4, CCL7), Chemokine (C-C 

motif) receptor 2, 3 (CCR2, CCR3), C-reactive protein (CRP), Chemokine (C-X-C motif) ligand 2 

(CXCL2), Interleukin 16, 36a (IL16, IL36a), Interleukin 1 receptor type 2 (IL1r2), Interleukin 2 receptor 
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beta (IL2rβ), Lymphotoxin Alpha (LTα/TNF-β), Platelet factor 4 (PF4), Secreted phosphoprotein 1 (SPP). 

(N = 2/group). 

4.5 Discussion 

In the work presented here, a time dependent decline in working memory between two days and 

seven days following blast was observed for the first time following BINT (Figure 25). The PFC 

has been shown to play an important role in working memory and memory retrieval.  Damage to 

this region may play a role in the novel object recognition decline [233-236]. Glial reactivity is 

important to promote cell survival and neuroprotection but, when uncontrolled, may lead to an 

environment prone to neurodegeneration and impaired memory [7, 237]. Within the PFC, 

evidence of on-going astrocytosis (Figure 28) was observed seven days following exposure. 

Several studies have proven that histone acetylation is an essential component of memory 

formation, learning, and synaptic plasticity [10-16]. Histone hyper acetylation corresponded with 

enhanced memory [13, 225], while hypoacetylation correlated with impaired memory [226]. 

These studies have shown that in the absence of injury, memory function and learning was 

increased in animals showing increased histone acetylation in relevant memory-related brain 

regions. On the contrary, genetic intervention led to severe decreases in histone acetylation 

which manifested as impaired novel object recognition [226]. Modulation of histone acetylation 

levels through various therapeutic interventions have shown promise for improving cognitive 

impairments. For the first time, these results demonstrate decreased acetylation levels of H2b, 

H3, and H4 following blast (Figure 26). Between these three histone proteins, an approximate 

average of 70% decrease in acetylation levels was measured. Analysis of total protein expression 

levels showed no significant changes among groups (Figure 27), confirming that the observed 

changes were not a result of altered protein expression but rather acetylation patterns. Since 

decreased histone acetylation is a critical part of memory function, these changes may provide a 

molecular basis for the memory decline observed in clinical and pre-clinical studies of brain 

injury. Moreover, the observed changes to histone acetylation levels likely trigger reorganization 

of the chromatin. Loss of acetyl groups creates a more positively charged histone tail allowing 

the DNA wrap around the nucleosome core more tightly [216]. This may alter the availability of 

specific DNA sites to transcription factors triggering altered gene transcription.  
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In order to provide a better understanding of the impact histone hypoacetylation changes may 

have in the progression of BINT on the cellular level, potential implications on 

neuroinflammatory response was investigated. Western blot analysis showed elevated GFAP 

levels in the PFC indicating increased astrocyte activation. Levels of IBA1 remained unchanged 

indicating no significant accumulation of microglia within this region. Since increased astrocyte 

activation was observed and has been previously established as an important part of the injury 

pathology [2-5], histone modifications specifically within astrocytes was investigated. Studies 

have found astrocyte activation correlated with changes to histone acetylation patterns, especially 

for histone H3 [9, 17, 18]. IHC analysis measured significant decreases in AH3 in astrocytes 

following injury. Kanski et al. [18] found that histone acetylation in astrocytes negatively 

regulates GFAP expression and initiates cytoskeletal reorganization [18]. Here, a similar 

relationship between histone acetylation and GFAP expression is demonstrated. Since GFAP is a 

widely accepted marker of astrocyte activation, it is possible that the underlying histone 

acetylation may be important to the persistent astrocyte activation of BINT. 

While histone hypoacetylation likely contributes, persistent exposure to pro-inflammatory 

stimuli may cause sustained astrocyte activation. Such stimuli can originate from microglial 

cytokine secretion. Correa et al [17] found that lipopolysaccharide-induced activation of 

microglia leads to cytokine release that triggers histone hypoacetylation within astrocytes. No 

changes in IBA1 was detected which indicates no significant changes in the PFC microglia 

population. However, it is possible that the microglia within this region have transitioned to an 

activated phenotype that leads to secretion of pro-inflammatory cytokines, as has been seen 

following blast exposure [3, 238-240]. Thus, microglia secretion of pro-inflammatory cytokines 

may lead to persistent astrocyte activation and histone hypoacetylation.  

Cytokine signaling is an important aspect of the astrocyte response following injury. Several 

groups have shown cytokine dysregulation following BINT [3, 238-240]. Altered expression 

levels (greater than 2-fold changes) of several other cytokine ligands and receptors were 

observed (Figure 31). Since histone acetylation directly regulates transcription, the aberrant 

acetylation patterns have potential to influence the pathological cytokine signaling in astrocytes. 

The NFκB signaling pathway is an important pathway involved astrocyte activation and cytokine 

signaling [241-244]. NFκB exists in the cytoplasm but translocates into the nucleus upon 

activation, where it can function as a transcription factor and is involved in the regulation of 
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histone acetylation [217]. Activation of NFκB pathways in astrocytes has been shown to lead to 

the production of CCL2 [244]. PCR array analysis showed an approximate 2.5-fold increase of 

the pro-inflammatory cytokine CCL2 which may indicate NFκB effects (Figure 31). An 

approximately two-fold increases in IL36a was measured which has been shown to activate 

NFκB signaling pathways. Western blot analysis showed increased nuclear localization of 

NFκB-p65. In the nucleus, NFκB carries regulatory functions on HAT and HDAC enzymes 

which can alter chromatin organization and the transcriptome. Functionally, NFκB-dependent 

histone acetylation has also been implicated in memory function [218, 245] and may lead to the 

observed memory decline shown in Figure 25.  

Sajja et al. [54] reported diverse neuroprotective efforts involved in the BINT pathology 

resulting from mild BINT, similarly our PCR array presents evidence of neuroprotective efforts 

[54]. Expression of interleukin-8 receptor alpha (Cxcr1) showed the largest change (over 2000 

fold decrease). Cxcr1 expression has been tied to neurons and astrocytes throughout the brain 

[246]. Studies have shown that decreases in Cxcr1 serve neuroprotective efforts by mitigating the 

pro-inflammatory effects of IL-8 [247, 248]. Interestingly, the expression of Cxcr1 has also been 

shown to be regulated through histone acetylation [249]. Therefore, the observed histone 

hypoacetylation following injury may be involved in decreased Cxcr1 expression and subsequent 

neuroprotective efforts by astrocytes.  

Decreased histone acetylation underlying the blast-induced inflammatory response presents 

valuable opportunities for drug intervention. Several studies have focused on administration of 

HDAC inhibitors following impact-TBI [228, 250-254]. These drugs have proven to be 

efficacious in mitigating the inflammatory response, and restoring memory and functional 

outcomes. Others have investigated the effects of acetate supplementation following 

lipopolysaccharide-induced neuroinflammation. In the brain acetate is metabolized to acetyl-coA 

and can provide a substrate for protein acetylation processes. These studies report the ability to 

modulate histone acetylation, cytokine regulation and the HDAC/HAT equilibrium [255, 256]. 

Lastly, increasing histone acetylation has been shown to improve memory, learning and synaptic 

plasticity [13, 15, 257, 258]. Taken together, drug intervention of histone acetylation following 

BINT has promise to mitigate the pathological characteristics including inflammation and 

memory deficits. 
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4.6 Conclusion 

For the first time, this work has demonstrated aberrant histone acetylation patterns occurring on 

histones H2b, H3, and H4 following blast exposure. These changes corresponded with increased 

astrocyte activation and were further demonstrated within astrocytes through co-localization 

IHC. Altered mRNA expression patterns for several key inflammatory cytokine/cytokine 

receptors were observed. Several of the observed changes have been implicated in NFκB 

signaling pathways. Further analysis of this pathway, showed increased nuclear localization of 

NFκB-p65. Nuclear localization of NFκB-p65 has been implicated in the regulation of histone 

acetylation as well as transcriptional regulation of various inflammatory cytokines. Western blot 

analysis also showed increased nuclear localization of ERK1/2 and p38 MAPK as well. 

Together, our results may suggest a role for MAPK and NFκB signaling pathways in aberrant 

histone acetylation following blast. These changes can directly alter transcription, creating a pro-

inflammatory phenotype and leading to astrocyte activation. Finally, these observed molecular 

changes were observed in the PFC and may be involved in the observed memory decline. The 

work summarized above addresses the goals of Specific Aim 2, sub-aims 1-3. 

4.7 Future Directions 

Future studies should seek to address limitations associated with the work presented here. 

Neuropathology was examined at a single time point; seven days following injury. Since the 

BINT pathology involves a wide variety of cellular processes that occur in a time-dependent 

manner, it is likely that histone acetylation levels vary across different stages of the injury. This 

possibility is further exemplified by the DNA methylation results observed in Chapter 3. A time-

course analysis is important to provide information about what processes may be involved and 

elucidate potential therapeutic windows. A previous study in a TBI model has demonstrated 

histone hypoacetylation as early as 72 hours after injury [227] and the BINT model used here has 

been shown to produce prolonged activation of astrocytes until 3 months (latest time point 

tested) [9]. These time points may provide the framework to begin to study the temporal 

response of histone acetylation. Since a link between increased GFAP and decrease histone 

acetylation has been established, it is hypothesized that histone hypoacetylation will be sustained 

similar to persistent astrocyte activation. Future work should also incorporate a comprehensive 
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regional analysis that incorporates many brain regions, such as the hippocampus and amygdala, 

which are susceptible to blast injury and drive subsequent cognitive impairments. 

The co-localization IHC presented here suggests a role for histone acetylation in reactive 

astrocytosis following BINT. This observation should prompt further studies to better understand 

this relationship and the implications. The current study focused on a specific site of histone 

acetylation but histones are subject to diverse array of post-translational modifications. 

Moreover, specific modifications may work in unison with other modifications to facilitate a 

specific function. Thus, the role and interplay of these modifications on translation and 

chromatin organization can be complex. Future studies should evaluate the presence and patterns 

of other histone modifications, including phosphorylation and methylation, as these may 

contribute and be important to the pathological changes. Both histone phosphorylation and 

methylation serve distinct roles in the cell but also coordinate further histone modification 

changes [259-261]. 

The analysis of cytokines presented here was aimed at screening a broad range of cytokines in 

hopes of elucidating potential downstream histone acetylation effects. The PCR array was 

carried out with a low sample size. Therefore, further studies should seek to validate and further 

investigate the observed changes, with a primary target being CXCR1. To provide more direct 

evidence of the effect that the histone acetylation changes may have on gene expression, 

chromatin immunoprecipitation techniques would be useful to isolate sequences of DNA that 

may be directly associated with these histones.  

Previous studies have targeted HDAC inhibitors in the TBI pathology and shown some success 

in mitigating the inflammatory response and restoring functional and cognitive deficits. The 

work described above demonstrates that HDAC regulation may be associated with specific 

intracellular signaling pathways such as MAPK and NFκB. These may provide novel therapeutic 

targets for the mitigation of histone acetylation abnormalities. Further work should be done to 

investigate specific roles and protein interactions that may be involved in the molecular link 

between NFκB localization and histone acetylation, specifically as to what HAT/HDAC enzymes 

are involved. This may be possible through therapeutic inhibition. NFκB-dependent histone 

acetylation changes are can be initiated by TNFα. However, studies have shown that in vivo 

inhibition with pyrrolidine dithiocarbamate successfully prevented NFκB activation following 
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TNFα stimulation [262]. This may provide a means of studying the role of NFκB-dependent 

histone acetylation in the BINT pathology. 
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Chapter 5: Investigation of the therapeutic potential of a histone 

deacetylase inhibitor after blast neurotrauma 
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5.1 Introduction 

The previous chapter has demonstrated the presence of histone acetylation changes within the 

BINT pathology with correlative evidence of its involvement in ongoing neuroinflammatory 

processes in the cortex. In order to provide a better direct mechanistic understanding of the role 

of histone acetylation in BINT, this study aimed to assess the brain injury pathology following 

administration of an HDACi, SAHA, as proposed by Specific Aim 2, sub-aim 4. By inhibiting 

endogenous HDAC function, it is hypothesized that the pathological histone hypoacetylation will 

be mitigated which will have broad effects on the injury pathology including behavioral changes 

and cellular changes, specifically reducing astrocyte activation.  

5.1.1 Statement of Problem 

The BINT pathology is characterized on a cellular level by apoptosis, neurodegeneration, and 

prolonged glial cell activation. These symptoms often persist into chronic stages of the injury 

and underlie the cognitive and psychological impairments [9]. As such, therapeutic discovery has 

attempted to target these cellular process with little success. This is in part due to the lack of 

understanding of molecular mechanisms that underlie and cause the observed cellular phenotypic 

changes, which results in therapeutic strategies that target the outcomes without addressing the 

underlying issues. With no effective therapeutic strategies currently available to BINT and TBI 

patients, treatment becomes expensive costs while pathological and clinical symptoms 

continually progress [20]. Elucidating more specific injury mechanisms will aide in the 

discovery of novel therapeutic strategies to mitigate the injury progression. 

5.1.2 Significance 

The potential significance of this aim is multifaceted. This aim will be primarily useful in 

discerning specific injury processes that involve histone acetylation regulation. Such information 

will provide a valuable mechanistic understanding of specific cellular processes that may offer 

potential for therapeutic intervention. The observations made following inhibitor administration 

will provide a more direct and causative relationship to molecular interactions rather than the 

primarily correlative conclusions that are often made in the BINT pathology. Secondly, 

administration of SAHA may provide a novel therapeutic option to the injury. SAHA is currently 
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approved by the Food and Drug Administration (FDA) for treatment of cutaneous T-cell 

lymphoma and is accompanied by only minor side effects. Theoretically, it may be efficacious in 

mitigating pathological histone hypoacetylation. Therefore, this chapter will provide insight into 

the potential effects of SAHA as a therapeutic. 

5.2 Literature Review 

HDAC enzymes play a critical role in the epigenetic control of gene regulation by removing 

acetyl groups from the lysine residues of histone protein. Removal of acetyl groups is important 

for the chromatin compaction and subsequent gene repression. There are 18 known HDAC 

enzymes which have been divided into four classes based on their physical properties. Classes I, 

II, and IV are functionally zinc-dependent, while class III is NAD+ dependent. Importantly, 

HDAC enzymes are able to facilitate the removal of acetyl groups from non-histone proteins as 

well. As a result, their role in normal cellular function is complex and widespread which is leads 

to integral roles in neurological processes including learning and memory [263].  

 

Figure 32. Structure of SAHA. SAHA is a hydroxamic acid derivative which is important for inhibition 

of zinc-dependent HDAC enzymes.  

SAHA, also known as Vorinostat or Zolinza, is a potent HDACi with the ability of inhibiting 

metal-dependent HDAC enzymes. The chemical structure of SAHA is shown in Figure 32 and is 

characterized by a phenyl ring and hydroxamic acid. SAHA imparts its HDAC inhibitory effects 

through zinc chelation facilitated by the hydroxamic acid moiety at the catalytic site. It has 

several advantages over other therapeutic options because of its effectiveness at the nanomolar 

level in addition to low toxicity [264]. SAHA has been approved by the FDA for the treatment of 

cutaneous T-cell lymphoma [265]. SAHA is accompanied by several possible side effects that 

may result from its non-specific action on HDAC enzymes. These side effects are often minor 

and include fatigue, diarrhea, and nausea [266]. SAHA has been shown to elicit a diverse cellular 

and molecular response characterized by the increased acetylation of histone proteins and 
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transcription factors.  It is effective in reducing proliferation, minimizing tumor growth, and 

inducing apoptosis [267, 268]. Importantly, SAHA is able to cross the BBB [269, 270]. Several 

limitations to SAHAs pharmaceutical potential have been noted. These include poor aqueous 

solubility, low bioavailability, and poor pharmacokinetics which include a short half-life (about 

120 minutes) in humans [266].  

More recently, HDACi have been evaluated in the TBI pathology. Several studies have 

demonstrated the efficacy of HDACi in mitigating TBI-induced damage [252-254, 271-273]. 

These studies have shown the ability to promote neuroprotective efforts by influencing several 

secondary injury cascades including apoptosis, neurogenesis, and inflammation. Lu et al. 

demonstrated that following controlled cortical impact, HDAC inhibition up-regulated cell 

survival factors including NFκB, and down-regulated apoptotic factors [252]. They noted that 

HDACi treatment also increased nestin, a stem cell marker, and decreased GFAP indicating 

reduced of astrocyte reactivity. Further support for decreased neuroinflammation was found by 

another study which showed the ability for HDACi administration to modulate microglia 

polarization and decrease astrocyte activation [254]. Valproate, a known HDACi, increased BBB 

integrity, reduced neuronal damage and decreased contusion volume [250, 251]. Moreover, 

HDACi are able to restore cognitive and behavioral impairments that are observed following 

injury and other disorders [250, 258, 270, 274, 275]. 

The previous chapter has demonstrated the relevance and importance of histone acetylation in 

the BINT pathology. To date, no studies have investigated the effects of HDACi administration 

following BOP exposure. Since the BINT pathology is characterized by behavioral and cognitive 

deficits involving underlying inflammation and apoptosis, it is reasonable that HDACi may 

prove to be beneficial in resolving pathological outcomes. Administration of such inhibitors will 

also provide critical information in understanding the role for histone acetylation in the cellular 

and molecular sequelae and manifestation of clinical impairments.  

5.3 Methods 

5.3.1 Animals and Blast Exposure 

The study described herein was carried out in accordance with experimental protocols approved 

by the University Institutional Animal Care and Use Committee at Virginia Tech. Prior to any 
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experimentation, male Sprague Dawley rats weighing approximately 250–300 g (Envigo, 

Dublin, VA, USA) were acclimated for several days (12 h light/dark cycle) with food and water 

provided ad libitum.  

The blast wave was generated using a custom ABS (Figure 13) as described previously in 

Section 3.3.1. Prior to blast exposure, animals were anesthetized with 3% isoflurane and placed 

in the ABS. Each animal was supported in the prone position inside the ABS facing the 

oncoming shock front using a mesh sling. Animals were subject to a mild injury characterized by 

a single peak overpressure exposure of 17 psi. Sham animals received the same procedures with 

the exception of blast wave exposure. Following sham or blast procedure, animals were observed 

through the recovery stages of injury and anesthesia.  

5.3.2 Drug Preparation and Administration 

SAHA (Selleck Chem) was purchased and stored at -20°C prior to drug preparation. Drug 

preparation was performed as previously described by Alam et al [276]. Briefly, stock solution of 

SAHA was made in sterile dimethyl sulphoxide (DMSO) at a concentration of 125 mg/mL. The 

SAHA and DMSO solution was diluted 1:10 in sterile polyethylene glycol 400 (PEG, Sigma 

Aldrich). Administration of SAHA has previously been difficult due to its water solubility, low 

permeability, and poor pharmacokinetics. However, incorporation of PEG into SAHA solution 

has been shown to increase solubility, permeability, and bioavailability [277]. The 

SAHA/DMSO/PEG solution was diluted with an equal volume of sterile water. This final 

solution was composed of SAHA (6.25 mg/mL), 5% DMSO, and 45% PEG in water. A separate 

vehicle control solution was made with the same composition with the exception of the drug (5% 

DMSO, 45% PEG in water). Both SAHA and vehicle solutions were sterile filtered prior to 

administration. 

Animals were randomly divided into four treatment groups (n=6/group): Sham-Vehicle (SV), 

Blast-Vehicle (BV), Sham-SAHA (SS), Blast-SAHA (BS). Rats were given a once daily 

intraperitoneal (i.p.) injection starting 30 minutes after blast or sham procedures and lasting out 

to five days post-procedure. Each drug injection was given at 50 mg/kg or equal volume of 

vehicle. This drug administration scheme has been previously shown to elicit histone acetylation 
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changes in rats [251]. Animal weights were measured and recorded daily beginning prior to 

blast/sham procedures. Following each injection, animal recovery was closely monitored.  

5.3.3 Behavioral Assessments 

Blast induced anxiety-like behavior was measured using the open field (OF) task. The OF arena 

(80cm x 80cm) was located in a separate room which was supplied with low, indirect light. 

Animals were subject to three, five minute, acclimation periods prior to blast or sham procedures 

during which the animal was acclimated to the testing environment. The OF assessment was 

carried out six days following blast or sham procedures. Animals were placed in the OF arena 

(80 cm × 80 cm) and allowed to explore the animal for five minutes. The investigator was not 

present inside the room at any point throughout the trial. Three point tracking was performed 

using EthoVision XT (Noldus Information Technology, Leesburg, VA, USA). Each trial was 

recorded at 30 frames per second and proper tracking was confirmed by an investigator blind to 

treatments. Anxiety is manifested as thigmotaxic behavior within the OF environment [278]. 

Therefore, the fraction of time spent along the walls of the arena was calculated and used to 

represent anxiolytic behavior. Other parameters including distance traveled, maximum velocity, 

time spent not moving and transitions to the center were also investigated as measurements of 

the animals overall activity levels. 

Blast induced short-term memory impairments were evaluated as previously described in Section 

4.3.2. The NOR assessment was carried out seven days after blast and sham procedures and two 

days following the final drug injection. 

5.3.5 Tissue Collection  

At the seven day time point following blast, animals were anesthetized with 5% isoflurane and 

perfused transcardially with PBS. The brains were extracted and sectioned along the midline. 

Half of the brain was placed immediately into 4% paraformaldehyde for preparation for IHC 

analysis. The other half was immediately placed in an ice-cold brain matrix. The brain was 

sectioned into 2mm coronal sections. Sections were snap frozen on dry ice and underwent 

microdissection to isolate hippocampus and prefrontal cortex regions. These tissues, and the rest 

of the sectioned tissue, were stored at -80°C until further analysis. 
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5.3.6 Capillary-Based Western Blot 

Histone and cytoplasmic proteins were extracted as described by Rumbaugh and Miller [232] 

and previously in Section 4.3.4.1. Protein extracts were quantified using a colorimetric BCA 

assay and stored at -20°C until further analysis. Acetylation levels of each histone protein, and 

GFAP expression were assessed by capillary-based Western Blot, as previously described in 

Section 4.3.4.  

5.3.7 IHC Analysis 

After 48 hours post-fixation in 4% paraformaldehyde, brain tissues were rinsed in PBS and 

dehydrated in 30% sucrose solution. Upon proper dehydration, tissues were embedded and 

frozen at -80°C in OCT. Embedded brains were sectioned into 40µm sections using a cryostat 

microtome (Thermo Scientific Inc., Waltham, MA, USA) and stored in PBS at 4°C prior to 

staining procedures. 

IHC analysis was performed as previously described in Chapter 3, section 3.3.5. Randomly 

selected hippocampus sections were stained with primary antibodies recognizing GFAP and 

cleaved caspase-3. The hippocampus was divided into sub-regions for imaging purposes. Images 

were taken in the DG, CA1, CA2, and CA3. The summation of these images was used as a 

measure of total hippocampus expression.  

5.3.8 Statistical Analysis 

A one-way ANOVA was used to assess differences between treatment groups following 

behavior, Western blot and IHC analyses. Differences were considered significant when the p-

value was less than 0.05. The Shapiro-Wilk test and Levene’s test were used to verify 

assumptions of normality and homoscedasticity, respectively. In the event that one of these 

assumptions was not met, logarithmic or square root transformations were imposed on the data 

prior to statistical comparisons. 
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5.4 Results 

The OF test was performed on day five following blast/sham procedures and one day following 

the final vehicle/SAHA administration. Figure 33 demonstrates the time spent in the center of the 

arena for each treatment group. Both the effects of the drug and injury were evident in response 

to the OF environment. Following SAHA administration, SS animals spent significantly more 

time in the center of the arena (p<0.05) compared to SV. A similar observation was made 

between injury groups as well, the BS group demonstrated a trending increase in time spent in 

the center of the arena (p=0.063) compared to BV. These results suggest that animals receiving 

SAHA are more willing to explore the center of the arena. SAHA treatment of blast-injured 

animals was able to increase the time spent in the center of the arena closer to that of the SV 

group. 

 

Figure 33. Results from the open field test following blast/sham procedures and vehicle/SAHA 

administration. Blast exposure triggers anxiety-like behavior and SAHA treatment increases exploration 

of the open arena. Data expressed as mean±SEM. a represents p<0.05 when compared to SV. b represents 

p<0.05 when compared to BV. c represents p<0.05 when compared to SS.  

In order to be sure that the changes observed in Figure 33 were a result of anxiety-like behavior 

and not differential activity levels between treatment groups, the freezing time and distance 

traveled during the OF test were evaluated. Figure 34 shows that there were no significant 

differences in either measurement indicating that the animals demonstrated equal exploration of 
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the OF arena. This confirms that the differences shown in Figure 33 does not results from altered 

activity levels. 

   

Figure 34. All treatments groups showed similar exploratory behavior during the OF test. No 

significant differences were observed between treatment groups for freezing time or distance traveled 

during the OF test. Data expressed as mean±SEM. 

The NOR test was performed on day 6 following blast/sham procedures and day 2 following 

vehicle/SAHA administration. It has been shown that during a five minute NOR test, animals 

may familiarize with the test. This can mask differences due to loss of novelty of the object and 

environment. In order to assess whether this was a factor in the NOR test performed, each trial 

was divided into one minute time bins. The total distance traveled and discrimination index was 

measured in each time bin. The observed distance and discrimination index was averaged for all 

animals at each time point. A 35.6% decrease in distance traveled was observed between the first 

and fifth minute of the trial. This corresponded to a 6.3% decrease in novel object preference 

across the duration of the trial. In order to avoid familiarization during the trials, data was 

collected after the first minute of the NOR trial, as described previously. 
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Figure 35. Blast animals receiving SAHA administration showed dramatically increased response 

to novelty. BS animals demonstrated high response to novelty which was significantly higher than all 

other treatment groups. The SV group showed a discrimination slightly above 0.5 indicating slight 

preference for the novel objects. Both the BV and SS groups showed discrimination indices below 0.5. 

Data expressed as mean±SEM. a represents p<0.05 when compared to SV. b represents p<0.05 when 

compared to BV. c represents p<0.05 when compared to SS. 

The results of the NOR test are summarized in Figure 35.  With an average discrimination index 

of 0.651, the SV group demonstrated slight ability to discriminate towards the novel object. Both 

BV and SS groups demonstrated discrimination indices below 0.5 which is indicative of novel 

object aversion. When exposed to blast and SAHA administration, animals demonstrated 

dramatic increases in discrimination index. The BS group showed significant increases when 

compared to all other treatment groups (p<0.05). Interestingly, when administered to sham 

animals SAHA triggered a decrease in discrimination of the novel object, although this change 

was not significant. Within the BINT pathology, SAHA administration triggered a large increase 

in discrimination index (p<0.001).  

Similarly to the OF test, discrimination of the novel object may be influenced by the exploration 

and activity levels of animals undergoing the test. Figure 36 demonstrates the activity level 

changes between several treatment groups. Both the BV and SS groups showed increased 

exploration of the arena when compared to the BS treatment groups. The SV groups was not 

statistically different from any other group. Taken together, Figure 35 and Figure 36 suggest that 

BS animals demonstrate sensitivity and high response to the novel object but avoid the 
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unfamiliar situation by demonstrating reduced exploration of the arena. The BV and SS groups 

show relatively high levels of exploration but a lack of preference for the novel object.  

 

Figure 36. The BV and SS groups showed increased exploration of the arena compared to the BS 

group. The decreased distance traveled by the BS during the NOR test indicates low exploration levels. 

Data expressed as mean±SEM. b represents p<0.05 when compared to BV. c represents p<0.05 when 

compared to SS. 

The underlying neuropathology was investigated following all behavior testing. Protein extracts 

were collected from the brains seven days after blast exposure and two days following the final 

drug injections. Histone extraction was performed from the prefrontal cortex and capillary-based 

Western blot analysis was performed to evaluate acetylation levels of histone H4 and H3. Figure 

37 shows the levels of AH4 measured in the prefrontal cortex following each treatment regimen. 

The blast alone had no significant effect on the AH4 levels in the prefrontal cortex. 

Administration of SAHA had a significant effect on the levels of AH4. The SS group showed 

increased AH4 compared to the SV groups (p<0.05). SAHA was also able to significantly 

increase AH4 levels following blast exposure. The BS group showed a statistically significant 

increase over both the SV and BV groups (p<0.05). 
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Figure 37. AH4 levels increased after blast/sham and vehicle/SAHA administration. SAHA 

increased AH4 levels in the PFC of both blast and sham animals. Data expressed as mean±SEM. a 

represents p<0.05 when compared to SV. b represents p<0.05 when compared to BV.  

The levels of AH3 were changed significantly by both blast and SAHA treatments. As observed 

previously, blast exposure significantly decreased AH3 levels in the prefrontal cortex compared 

to the respective shams (p<0.05). This observation was made in animals receiving either vehicle 

or SAHA injections. When SAHA was delivered, AH3 levels were significantly decreased in 

both sham and blast animals (p<0.05).  

 

Figure 38. Acetylation levels of AH3 following blast/sham and vehicle/SAHA procedures Acetylation 

levels were decreased after SAHA treatment and were further decreased by blast exposure. Data 

expressed as mean±SEM. a represents p<0.05 when compared to SV. b represents p<0.05 when compared 

to BV. c represents p<0.05 when compared to SS. 
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To begin to address the underlying neuropathology and determine specific cellular mechanisms 

that may be regulated by histone acetylation in the BINT, IHC analysis of GFAP and cleaved 

caspase-3 was performed in the medial PFC (mPFC). Figure 39 shows the levels of GFAP in the 

mPFC for each treatment group. As demonstrated by the SV and SS comparisons, SAHA caused 

a decrease in GFAP expression in sham animals. This change was also observed in blast animals. 

BS treated animals showed a statistically significant decrease in GFAP expression (p<0.05) 

when compared to the BV treatment group. This observation may further suggest a role for 

histone acetylation in blast-induced astrocyte activation. 

 

Figure 39. GFAP expression in the mPFC is altered by blast and SAHA treatments. SAHA induced 

significant decreases in GFAP expression in both sham and blast animals. Data expressed as mean±SEM. 

a represents p<0.05 when compared to SV. b represents p<0.05 when compared to BV. Cleaved 

caspase-3 is an important mediator of apoptosis and used as a marker for activation of apoptosis 

in cells. Levels of cleaved caspase-3 are shown in Figure 40. No significant changes were 

observed in levels of cleaved caspase-3 between treatment groups. 
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Figure 40. No changes in cleaved caspase-3 were observed in any treatment groups.  Data expressed 

as mean±SEM. * represents p<0.05 when compared to BS. 

5.5 Discussion 

Blast elicits a complex behavioral phenotype that involves common injury-associated behavioral 

abnormalities, including anxiety and memory impairments [2, 55, 77, 112-116]. However, recent 

clinical studies have demonstrated the complexity of injury-induced behavioral changes which 

impulsivity, risk-taking behavior, and hypervigilance [279-282]. Since histone acetylation has 

been shown to be an important mediator in the manifestation of cognitive and behavioral 

impairments, this study aimed to elucidate potential roles for histone acetylation in the altered 

behavioral phenotype of our BINT model. SAHA administration significantly increased the 

exploration of center of the OF arena following blast compared to vehicle treatment alone 

(Figure 33). Levels of the BS group were similar to the SV group but did not return to the levels 

of SS. This is, in part, due to the effect of SAHA administration to sham animals. Together, these 

results suggest that SAHA administration is able to effect the anxiolytic behavior following blast 

exposure. The ability of histone deacetylase inhibitors to decrease anxiety-like behavior in 

animal models has been observed [283, 284]. This is thought to result from the acetylation 

changes that occur within the amygdala, an important brain region for the regulation of fear and 

anxiety behavior. The amygdala is susceptible to injury following blast exposure and underlies 

the persistent anxiety-like behavior of the injury [6, 9]. However, the prefrontal cortex also plays 
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an important role in controlling anxiety behaviors and is also susceptible to blast [9, 120, 121]. 

Therefore, the ability SAHA to impact the anxiety-like behavior as measured by the OF test, may 

result from specific pathology within the prefrontal cortex or amygdala.  

The NOR test has previously shown memory impairments following BINT beginning within the 

first week following BOP exposure (Figure 25). While not significant, a decrease in novel object 

preference was observed between the SV and BV treatment groups. The SV group demonstrated 

a slight preference for the novel object, but this was lost following treatment with SAHA 

treatment. The SS group showed an average discrimination index of 0.42. Following SAHA 

treatment, sham animals traveled further total distances within the novel object arena but showed 

slight aversion to the novel object. The opposite behavioral phenotype was observed in the BS 

group. BS animals showed high response to novelty but relatively low exploration of the arena. 

Due to the altered levels of exploration during the trial, the observed changes in discrimination 

index may not result only from memory impairments. Instead, these observations may be 

accompanied by a more complex behavioral phenotype possibly involving behavioral inhibition 

or increased risk-taking behavior. In the early stages, behavioral inhibition is an innate 

temperament that elicits increased sensitivity to novelty but individuals respond to novelty as a 

threat which triggers a defensive response to avoid the unfamiliar situation [285, 286]. The 

transition of these early changes to social and anxiety disorders in the later stages has been 

shown previously [287]. The BS group displayed increased response to novelty through the 

significantly increased discrimination index. This corresponded with a decrease in distance 

traveled during the trial which may indicative of the fear response to the novelty. The increased 

discrimination shows sensitivity and reactivity to novelty but lower exploration due to the 

perception of the object and environment as threatening. The high response to novelty may also 

result from the increased may indicate the willingness for BS animals to engage in risky 

behavior.  

SAHA, a pan-HDACi, triggered histone acetylation changes which may underlie the changes in 

behavioral phenotypes between treatment groups. SAHA significantly increased the levels of H4 

acetylation in both the sham and blast groups (Figure 37). Decreased acetylation of H4 has 

previously been tied to astrocyte function as well as neuronal apoptosis [17, 288]. Therefore, 

SAHA-induced increase of AH4 may provide therapeutic benefits. An IHC analysis was 

performed to begin to investigate the ongoing neuropathology that may be affected by altered 
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histone acetylation patterns. Figure 39 demonstrates that SAHA treatment provides a significant 

reduction in GFAP between SAHA and vehicle groups. Others have shown the importance of 

AH4 to inflammatory processes, and specifically astrocytes. Correa et al., showed that activated 

microglia secrete specific molecules that trigger hypo-acetylation of H4 in astrocyte cell culture. 

The hypo-acetylation was further correlated with altered function, transcriptome, and improved 

antioxidant defense [17]. Here, SAHA heightened levels of AH4 which correlated with 

subsequent decrease in GFAP.  

Interestingly, blast caused a slight, but not significant, increase in AH4 levels which was 

conserved in both vehicle and SAHA treated animals. While this result seems unexpected based 

on the results previously seen in Figure 26, it may result from the effects of DMSO used in 

vehicle and SAHA solutions. SAHA has poor solubility in aqueous solution and therefore is 

prepared for in vivo administration in DMSO. DMSO has been shown to produce toxicity issues 

in vivo, and was therefore administered at 5%. However, even small amounts of DMSO can 

cause toxic effects in vivo [289]. Therefore, it is possible that the DMSO used to prepare vehicle 

and SAHA solutions elicited cellular responses in the brain that alter the epigenome and histone 

acetylation patterns observed previously.  

Changes in AH3 were also observed between treatment groups. SAHA was unable to prevent the 

previously observed decrease in AH3. A significant decrease was observed between each blast 

group and their respective sham group. SAHA administration caused an overall decrease in AH3 

levels as seen through comparison of SV and SS groups. SAHA is a known inhibitor of all class I 

and class II HDAC enzymes. These HDAC enzymes are functionally different other HDAC 

enzymes due to their functional dependence on zinc atoms [290]. The hydroxamic end of the 

SAHA molecule binds to the zinc atom in the HDAC catalytic site [268]. Since other HDAC 

enzymes utilize NAD+ dependent mechanisms of action, SAHA does not inhibit these enzymes. 

Therefore, it may be possible that the observed decrease between sham groups is the result of a 

class III HDAC compensatory mechanism resulting from inhibition of class I and II HDACs. 

Differential responses in H4 and H3 acetylation levels were observed following treatment with 

SAHA. Specific acetylation sites and patterns have been implicated in a wide variety of cellular 

processes including transcriptional regulation, chromatin structure, and nucleosome assembly 

[291]. The results observed here may indicate differential roles between H4 and H3 acetylation 

in the injury pathology and in response to treatment.  
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To date, this study provides the first evaluation of an HDACi in the BINT pathology, however 

the study has several limitations. In order to solubilize SAHA, DMSO was used. DMSO has 

been shown to elicit a diverse array of cellular responses that may affect the observed cellular 

responses including histone acetylation, GFAP expression, and apoptosis. Moreover, SAHA is 

an effective inhibitor of HDAC enzymes that utilize zinc atoms but other HDAC inhibitors 

remain unaffected. Finally, SAHA has a short half-life and quick clearance from the brain. 

Studies of SAHA levels in the blood plasma have indicated that about 80% is cleared within 90 

minutes [292]. Since behavior testing and tissue collection occurred two days following the final 

injection, it is possible that the HDAC function may have begun to recover prior to analysis. 

Further work should confirm the inhibition of HDAC function and optimized treatment regimens 

should be considered for future SAHA studies. 

5.6 Conclusion 

SAHA is an FDA-approved, class I and II HDACi that is used clinically for treatment of cancer 

progression. SAHA was administered following BINT in order to investigate the role of histone 

acetylation in the BINT pathology. Following blast, animals receiving SAHA treatment showed 

less anxiety-like behavior, increased response to novelty, and reduced activity in a novel 

environment than those receiving vehicle injections. SAHA was unable to mitigate blast-induced 

decreases in AH3. However, SAHA was effective at increasing levels of AH4 in both sham and 

blast animals in the prefrontal cortex. These observations correlated with decreased GFAP 

expression in blast animals receiving SAHA administration. The results presented here suggest a 

role for histone acetylation in the cellular pathology and manifestation of behavioral impairments 

following blast exposure. However, due to the widespread impact that histone acetylation 

regulation has on cellular function and neurological processes, further characterization needs to 

be done to properly understand the efficacy of SAHA in the BINT pathology. The results shown 

within this chapter address the work proposed by Specific Aim 2, sub-am 4. 

5.7 Future Directions 

This study has provided the first look at the efficacy of HDACi in the BINT pathology, however 

many questions remain to be answered. SAHA offers a FDA-approved option with low toxicity 
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and BBB permeability but is limited by several properties. SAHA has a short-half life, rapid 

metabolism, and low solubility. Due to the short half-life and rapid metabolism, SAHA 

administration was administered daily for five days following injury. However, behavioral 

analyses and tissue collection was performed in the days following the final drug injection. As a 

result, it is possible that SAHA was cleared prior to the endpoint of the study. Therefore, future 

studies should evaluate the effect of different treatment regimens. Chronic administration of 

SAHA has been shown to provide neurologic and systemic benefit in a neurodegenerative mouse 

model [276]. Higher doses of SAHA have been well-tolerated in vivo and may be more effective 

in eliciting histone hyper-acetylation [251, 276]. 

The low solubility of SAHA requires usage of an organic solvent, such as DMSO which was 

used for the study described above. DMSO, because of its toxicity and damaging effect on cells, 

may interfere with proper evaluation of the injury pathology. As a result, further work should be 

done to solubilize SAHA in the absence of DMSO. SAHA may be solubilized in other organic 

solvents, including ethanol. SAHA has also been effectively delivered in food pellets which may 

provide an alternative route of administration [293]. Alternatively, several other HDACi options 

exist. These range from specific HDACi to pan-HDACi and may provide a more efficacious 

option in treating brain injury.   

The analysis of histone acetylation levels and neuropathology shown here is limited regionally. 

All analysis described about were performed within the prefrontal cortex. This region has been 

implicated in BINT, histone acetylation, anxiety, and memory processes. However, several 

relevant brain regions need to be investigated that may be involved in the manifestation of the 

observed behavioral outcomes. Some of the observed behavioral phenotypes including 

behavioral inhibition, threat-perception, and hyperactivity and intricately regulated by regions 

including the hippocampus, amygdala, and cerebellum [294-297]. These regions may also 

provide further evidence of treatment effects on a cellular and molecular level as drugs are often 

not distributed equally within the brain. A 20-fold variation between brain regions has been 

reported following systemic drug administration [298]. As a result, regions such as the amygdala 

or hippocampus may respond differently to treatment with SAHA. In fact, previous work has 

demonstrated the differential expression of HDAC enzymes (>2 fold) following blast and 

between brain regions [299]. This work demonstrated the increased susceptibility of the 
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hippocampus compared to the prefrontal cortex. Therefore, future work should evaluate histone 

acetylation changes and neuropathology within these regions.  

The analysis of neuropathology performed here included GFAP and cleaved caspase-3. Future 

work should seek to elucidate other cellular processes that may be affected by the altered histone 

acetylation levels. Since histone acetylation has a direct impact in transcriptional regulation, 

alterations to this equilibrium may be broad. Therefore, changes to BBB permeability, microglia 

activation, DNA methylation, transcription, stem cell proliferation, among others should be 

evaluated. Techniques including Chip-seq would be valuable in finding specific genes that may 

be altered by pathological histone acetylation changes and those that are affected by the presence 

of SAHA. Together, this information will guide future therapeutic efforts that target the histone 

acetylation equilibrium.  
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Chapter 6: Evaluation of the diagnostic efficacy of cerebrospinal 

fluid levels of cell-free nucleic acids 
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6.1 Introduction 

cfNA have been shown to be released during normal and pathological cellular processes 

including cell death. The nucleic acids are able to reach CSF through the glymphatic system. The 

goal of this aim is to evaluate the efficacy of cfNA in the CSF in predicting BINT and correlate 

these changes with ongoing neuropathology, as specified by Specific Aim 3. The hypothesis for 

this work is that the concentration of cfNA in the CSF will increase following injury as a result 

of ongoing cellular processes. The presence of cfNA will lend itself to further exploration into 

methylation patterns and specific sequences that may be useful in diagnostic efforts.  

6.1.1 Statement of Problem 

Despite success in pre-clinical studies, no biomarkers for diagnosis of BINT have successfully 

completed clinical trials. Currently, no diagnostic tools exist that elucidate underlying molecular 

and cellular damage apart from computerized axial tomography scanning which has low 

sensitive, high costs, and exposes the patient to radiation [300]. In fact, no efficient diagnostic, 

prognostic, or therapeutic strategies exist clinically for mild brain injury. One major limitation of 

several biomarkers in the early stages of development is the inability to correlate the measured 

levels to clinical symptoms [300].   

6.1.2 Significance 

Efforts to elucidate effective biomarkers have focused predominantly on protein markers of 

underlying cellular processes. The presence of cfNA may offer a unique perspective on current 

biomarker efforts because of its relevance to underlying mechanisms. Moreover, the presence of 

cfNA lends itself to further characterization into specific molecules (DNA, RNA), specific 

sequences, and modifications including methylation patterns. Nucleic acid sequences and DNA 

methylation patterns can be tracked to specific brain regions, cell types, and neuropathology. 

Clinically this information would be critical for assessing injury, developing targeted treatment 

strategies, and tracking injury progression.  
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6.2 Literature Review 

A biomarker is a characteristic change that can be observed objectively and evaluated as an 

indicator of underlying physiological processes, including normal and pathological. Biomarkers 

can take many forms ranging from blood pressure and pulse to altered composition of biological 

fluids. As such, biomarkers have the potential to be useful diagnostic tools for injured and 

diseased states. Along with being accurate and reproducible, a clinically useful biomarker must 

have high degrees of specificity and sensitivity. In other words, it should correctly identify both 

true-positive and true-negative results.  

Table 3. Previously studied BINT biomarkers. 

Pathological Process Targeted Biomarker References 

Neuronal Injury 

Neuron specific enolase (NSE) [74, 301-303] 

Spectrin breakdown products (SBP) [304] 

Tau [303] [305, 306] 

Neurofilament heavy chain (NF-H) [301-303] 

Ubiquitin C-terminal hydrolase L1 (UCH-L1) [304] 

Glial Cell Injury 

GFAP [4, 302-307] 

S100 calcium- binding protein B (S-100β) [74, 301, 303, 307] 

Myelin basic protein (MBP) [301, 303] 

CNPase (2',3'-Cyclic-nucleotide 3'-

phosphodiesterase) 
[4] 

Inflammation 
Monocyte chemoattractant protein 1 (MCP-1) [303] 

Various cytokines [4, 240, 306] 

Angiogenesis Vascular endothelial growth factor (VEGF) [302, 307] 

 

Since injury to the brain through primary blast modalities results in little external evidence of 

injury, serum or CSF based biomarkers may serve as an unique, effective, and minimally 

invasive diagnostic tool. Recently, studies have begun investigating serum-based changes 
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following BOP exposure [308]. Table 3 summarizes some of the biomarkers which have been 

showed to be altered in the BINT pathology. Due the multifaceted nature of BINT, these 

biomarkers are associated with several different characteristics of the injury including neuronal 

injury (NSE, SBP, and tau), glial cell injury (S100β, GFAP, and MBP), inflammation (various 

cytokines), angiogenesis (VEGF).  

 

Figure 41. Schematic representation of the glymphatic system. The glymphatic system serves as waste 

management system within the brain. CSF flows in through the peri-areterial spaces, interchanges with 

the interstitial fluid (ISF), and flows out of the brain through the peri-venous spaces. During the exchange 

with the ISF, potential biomarkers (cfNA, proteins, debris, etc) are removed. 

Currently little is known regarding the mechanisms of biomarkers entering circulation. It was 

previously accepted that proteins, and other molecules, are released through exocytosis, 

apoptosis, or necrosis. These proteins are then capable of reaching the peripheral circulation by 

passive diffusion through a compromised BBB [309-311]. However, recently the glymphatic 

system has been shown to play a role in the transport of biomarkers from brain to circulation 

[312]. The glymphatic system is a waste clearance system within the central nervous system 
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(Figure 42) [313]. The CSF enters through the peri-arterial space and interchanges with 

interstitial fluid. During this interchange, proteins and other biological waste molecules, are 

collected. The subsequent efflux exits the brain through the peri-venous space containing the 

potential biomarkers. These biomarkers are then able to reach the blood stream through the 

lymphatic system. The importance for the glymphatic system in biomarker release has been 

demonstrated previously [313]. 

Evaluation of biomarkers that are subject to epigenetic modifications may allow for further 

characterization of specific nucleotide sequences and methylation patterns. Such characterization 

may increase the efficacy of the biomarker and applicability to underlying neuropathology over 

previously studied biomarkers. Therefore, observing epigenetic changes within a biomarker may 

yield a potentially more mechanistic understanding of the underlying pathology.  

While studies have begun searching for efficacious biomarkers, none have prevailed. Many of 

the attempted biomarkers thus far have focused on specific markers of cellular injury (Table 3) 

but these have been challenged by specificity, sensitivity, and reproducibly. Pre-clinical studies 

have demonstrated the efficacy of cfNA for diagnosis and prognosis of impact-TBI [314-317]. 

Moreover, cfNA can be quickly, accurately, and reliably quantified in biological fluids [318]. To 

date, there are no published studies that have sought to explore the levels of cfNA following 

BINT. One advantage to cfNAs as a biomarker is the potential for extensive characterization 

beyond concentration in bodily fluids. Further efforts may include characterization of specific 

nucleotide sequences and methylation patterns. Specific epigenetic signatures, such as DNA 

methylation patterns, can provide information of the cell type, brain region, or cellular processes 

from which they are derived. This information may advance current biomarker efficacy by 

improving their relevance and specificity to underlying injury patterns and processes. 

6.3 Methods 

6.3.1 Animals and Blast Exposure 

The study described herein was carried out in accordance with experimental protocols approved 

by the University Institutional Animal Care and Use Committee at Virginia Tech. Prior to any 

experimentation, male Sprague Dawley rats weighing approximately 250–300 g (Envigo, 

Dublin, VA, USA) were acclimated for several days (12 h light/dark cycle) with food and water 
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provided ad libitum. The blast wave was generated using a custom ABS (Figure 13) as described 

previously in Section 3.3.1.  

Prior to blast exposure, animals were anesthetized with 3% isoflurane and placed in the ABS. 

Each animal was supported in the prone position inside the ABS facing the oncoming shock 

front using a mesh sling. Animals were be subject to a mild injury characterized by a single peak 

overpressure exposure of 17 psi. Sham animals received the same procedures with the exception 

of blast wave exposure. Following sham or blast procedure, animals were observed through the 

recovery stages of injury and anesthesia.  

6.3.2 Cerebrospinal Fluid Collection 

Prior to euthanasia procedures, CSF was collected from animals at one week, one month, and six 

months post blast or sham procedures (n=8-10/group). Animals were anesthetized with 4% 

isoflurane and placed in the prone position with the head elevated so that the head formed an 

approximate 135˚ angle with the body. The hair was shaved from the back of the neck and the 

area was sterilized with alcohol. A puncture site was marked at the palpation a foramen. A 25G 

needle attached to a syringe was inserted ventrally into the cisterna magna and used to collect 

CSF. The CSF was centrifuged at 1500xG for 10 min to remove potential blood contamination 

and immediately flash frozen and stored at -80˚C further analysis. 

6.3.3 Cell-free Nucleic Acid measurement 

Measurements of cfNA was obtained as described by Goldshtein et al. [318]. SYBR Gold 

Nucleic acid stain was diluted 1:1000 in DMSO and then 1:8 in PBS. Ten microliters of CSF was 

added to forty microliters of diluted SYBR Gold in black 96-well plate and mixed on a plate 

shaker briefly. Fluorescence signal was measured on a 96-well fluorometer (Molecular Devices, 

Sunnyvale, CA) at an emission wavelength of 535 nm and an excitation wavelength of 485 nm. 

SYBR gold is a cyanine dye that exhibits increased fluorescence signal upon binding nucleic 

acids. It has been shown to be sensitive to both single- and double-stranded DNA and RNA.  
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6.3.4 IHC analysis 

One month after blast exposure, animals were anesthetized with 5% isoflurane and perfused 

transcardially with phosphate buffered saline (PBS) followed by 4% paraformaldehyde. Brains 

were extracted and incubated in 4% paraformaldehyde, rinsed in PBS and dehydrated in 30% 

sucrose solution. Fixed brains were embedded and frozen in OCT medium (Sakura Finetek Inc., 

Torrance, CA, USA). Coronal sections (40 μm) were prepared in a cryostat microtome (Thermo 

Scientific Inc., Waltham, MA, USA) and stored in PBS at 4°C prior to staining procedures. 

IHC was performed on randomly selected sections containing the mPFC and hippocampus. 

Tissue sections were rinsed with PBS containing 0.03% Triton-X and incubated in 2% bovine 

serum albumin blocking buffer for one hour. Sections were then incubated in primary antibody 

diluted in blocking buffer overnight at 4°C. Specific antibodies for GFAP (Invitrogen, Carlsbad, 

CA, USA) and cleaved caspase-3 (Cell Signaling Technology, Danvers, MA, USA) were used. 

Samples were washed with PBS prior to incubation with secondary antibodies Alex Fluor 555 

anti-rabbit IgG and fluorescence-tagged fluorescein isothiocyanate anti-rat IgG. After being 

washed with PBS, sections were mounted on slides, air-dried, and coverslipped with prolong 

antifade gold reagent with 6-diamidino-2-pheylindole (DAPI; Invitrogen, Carlsbad, CA, USA). 

Sections were examined using a Zeiss fluorescence microscope and images were captured with 

an AxioCam ICc1 camera (Zeiss, Jena, Germany). For imaging purposes the hippocampus was 

divided further into sub-regions including the DG, CA1, CA2, and CA3. For all regions, two 

images were taken per section and two sections were stained per animal. All images were taken 

at 20x magnification. Fluorescent intensity was quantified using ImageJ software (National 

Institute of Health, Bethesda, MD, USA). A measurement of total hippocampus fluorescence was 

taken as the sum of the mean fluorescent intensity in each sub-region. 

6.3.5 Statistical Analysis 

Efficacy of cfNA as a predictive biomarker was assessed statistically using a receiver operating 

curve (ROC). The ROC curve was made using JMP software and the area under the ROC curve 

(AUROC) was used to quantitatively assess the ability of the cfNA concentrations to predict 

injury.  
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In order to relate changes in cfNA concentrations to ongoing neuropathology, both parametric 

and non-parametric correlation analyses were performed. Prior to correlation analyses cfNA 

concentrations underwent a logarithmic transformation to meet assumptions of normality. Both 

Pearson’s correlation coefficient and Spearman’s rho were obtained as measures of the 

relationship between IHC fluorescence and cfNA. For these measures, a value of 1 indicates a 

very strong positive correlation and a value of -1 indicates a very strong negative correlation. A 

value of 0 represents no correlation between the variables. Correlations were considered 

significant when p<0.05.  

6.4 Results 

CSF was collected at one week, one month, and six months after injury. Figure 42 shows the 

measured concentrations of cfNA following blast exposure. Across the time points, the sham 

concentrations of cfNA showed little change. Blast animals demonstrated increased 

concentrations of cfNA in the CSF at the one month time point. No differences were observed at 

the one week or six month time points.  

 

Figure 42. Blast animals showed high levels of cfNA in CSF one month after injury.   No differences 

were observed at 1 week or 6 months. 
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In order to assess the efficacy in cfNA in predicting injury, a ROC was constructed. The ROC 

curve provides diagnostic evaluation through assessing the true positive rate (sensitivity) and the 

false positive rate (1-specificity) of cfNA to detecting injury. The ROC curve is shown in Figure 

43. The AUROC provides a quantitative assessment of the diagnostic efficacy of cfNA. The 

dotted line represents a biomarker with little ability to decipher between injury and sham animals 

and an AUROC value of 0.5. An AUROC value of 1.0 represents a biomarker that has perfect 

success in predicting injury. At the one month time point, an AUROC value of 0.806 was 

measured for cfNA in the CSF. This value is indicative of a relatively successful predictor of 

injury.  

 

Figure 43. Receiver Operating Characteristic (ROC) curve of cfNA in the CSF one month following 

BINT. An area under the ROC curve (AUROC) of 0.806 was measured indicating good potential in 

discriminating between blast and sham animals. 

In order to assess whether levels of cfNA measured at one month were indicative of underlying 

neuropathology in the mPFC or hippocampus, IHC was performed. At one month post-blast, 

brain sections were stained with antibodies recognizing GFAP and cleaved caspase-3. The 
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fluorescent intensity from these images were correlated with levels of cfNA in the brain. Figure 

44 summarizes these relationships.  

 

Figure 44. Correlation analyses between neuropathology and cfNA levels in the CSF. No significant 

changes were observed between measured levels of cfNA and GFAP or cleaved caspase-3 expression in 

the mPFC or hippocampus. 

Both a parametric (Pearson correlation) and non-parametric (Spearman correlation) correlation 

analysis was performed. The observed correlation coefficients and p-values are shown in Table 

4. No significant correlations were observed between cfNA concentrations and GFAP or caspase 

expression in the mPFC or hippocampus. A slight correlation between cfNA levels GFAP in the 

mPFC was observed, however this relationship was not statistically significant (p=0.1145). 

Table 4. Correlation coefficients between neuropathology and cfNA levels in CSF. Data expressed as 

coefficient (p-value). 

 mPFC Hipp 

 Pearson Spearman Pearson Spearman 
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GFAP 0.3234 (0.2055) 0.3971 (0.1145) 0.1221 (0.6407) 0.0196 (0.9405) 

Caspase 0.1953 (0.4525) 0.25 (0.332) -0.2127 (0.4125) -0.1593 (0.5414) 

 

6.5 Discussion 

Circulating nucleic acids have been investigated for their potential use as an effective biomarker 

of various underlying physiological processes. Serum derived cell-free DNA (cfDNA) has been 

shown to be useful in various cancer pathologies, including lung cancer [319-324]. cfDNA has 

also been shown to be a useful detector of myocardial infarction and prenatal detection of Downs 

syndrome [325, 326]. cfDNA has also been implicated in trauma and brain injury pathologies 

[315, 327]. To date, it has shown much promise in predicting severe brain injuries and mortality 

[315, 316]. However, the role of cfNA have not been investigated in the BINT pathology, and 

have not been observed in mild injury models.  

The previous studies of cfDNA in TBI have elucidated primarily short-term biomarker potential 

that is indicative of severe damage and even mortality. There is currently a clear lack of chronic 

biomarkers in the BINT pathology. In a mild model of BINT, increased cfNAs were detected in 

the CSF, one month following injury. The potential benefits of cfNA as a biomarker are 

multifaceted and include diagnostic potential and providing insight into ongoing 

neuropathological processes. The diagnostic potential of cfNA concentration in the CSF 

following blast is demonstrated in Figure 43. An AUROC value of 0.806 is indicative that cfNA 

concentration is both sensitive and specific and is relatively successful in discriminating between 

blast and sham animals.   

The second benefit of development and understanding the role of cfNA as a biomarker is the 

relevance to underlying cellular processes. Following BOP exposure, neuropathology has been 

shown to persist into the chronic stages of the injury. At these stages, astrocyte activation, cell 

death, and neurodegeneration have been observed leading to the sustained neurological 

impairments [9]. Figure 44 shows the relationship between the measured cfNA levels in the CSF 

and astrocyte activation and apoptosis in the brain. At this time point, there were no significant 

correlations between GFAP or cleaved caspase-3 expression in the mPFC or hippocampus. 

Currently, there is a lack of knowledge surrounding the mechanism of biomarker release from 
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the brain and the source of cfNA. This knowledge will be critical in relating cfNA concentrations 

in the CSF to specific processes in the brain. cfNA are thought to arise from apoptosis and 

necrosis processes in various pathological states. No significant correlations were found between 

the CSF concentrations of cfNA and apoptosis in the mPFC or hippocampus. However, other 

studies have shown that healthy cells may release cfNA [328]. They may be released either 

bound or unbound from protein complexes [328]. In the extracellular environment these 

molecules are thought to be important for signaling process but their function is not well 

understood. Further characterization of cfNA in the CSF and its source may provide insight into 

the ongoing neuropathological processes which may help create targeted therapeutic strategies.  

The benefit of cfNAs as biomarkers is that they can be further characterized in circulation 

beyond traditional concentration analysis. Specific nucleic acid sequences can provide important 

information into injured brain by providing tissue, region, and cell specific patterns [204-208]. 

These molecules are also subject to methylation which can provide further information through 

specific DNA methylation patterns. In fact, methylation patterns of serum-based DNA has been 

shown to be successful in predicting tissue-specific cell death processes [329]. While correlation 

analyses performed here were unsuccessful in demonstrating a relationship between CSF levels 

of cfNAs and ongoing neuropathology, further characterization of specific nucleic acid 

sequences and modifications may strengthen the relationship to the underlying neuropathology. 

In fact, Haghighi et al, has demonstrated the ability to detect cfDNA levels in human subjects 

exposed to blast and track specific DNA sequences in the serum to various regions of the brain 

[330]. However, further work is needed to elucidate specific cells and processes that will be 

useful in developing therapeutic strategies.  

6.6 Conclusion 

There has recently been a push towards finding and characterizing specific biomarkers to aide in 

the diagnosis of BINT. However, efforts have been largely unsuccessful so far especially for the 

finding chronic biomarkers of injury. cfNAs show promise as a biomarker in the CSF following 

blast exposure. The release of cfNAs was shown to be time-dependent and suggests that there 

may be a window of opportunity to detect increased levels of cfNAs. This window of 

opportunity may likely correlate with ongoing neuropathology. However, no significant 
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correlations were observed with GFAP or cleaved caspase-3 levels in the mPFC or hippocampus. 

Still, cfNAs at the one month time point show promise in discriminating between injured and 

sham animals. Further characterization of specific nucleic acid sequences and methylation 

patterns may improve their ability in predicting neuropathology processes. The work presented 

above successfully addresses the goals of Specific Aim 3. 

6.7 Future Directions 

The current study provides evidence of a role for cfNA in the CSF following BINT but future 

work is necessary to characterize their role and understand their relevance to neuropathological 

processes. Future work should begin with elucidating which specific nucleic acid compounds 

that exist in the CSF. The current method for cfNA detection was chosen based on its prior 

validation in biological fluids, along with its cost-effectiveness and feasibility. However, the 

SYBR nucleic acid dye is specific for nucleic acids and is therefore sensitive to levels of double- 

or single-stranded DNA or RNA. Therefore, the measured levels of cfNA may result from CSF 

derived DNA and/or RNA.  

Further characterization of underlying neuropathology at the one month point is necessary to 

evaluate potential correlations between CSF-derived cfNA and cellular processes. The observed 

cfNA changes at the one month time point shows potential correlations with previously 

published neurobehavioral and pathological changes in the brain [9]. More specific correlations 

should be continued.  Processes including apoptosis, glial cell activation, oxidative stress, BBB 

permeability, and neurodegeneration should be investigated within various brain regions. 

Previous studies of the TBI injury pathology have also demonstrated the relevance of neurorepair 

processes within the chronic stages that involve synapse formation, neurite outgrowth, and 

increased expression of various growth factors [331]. These processes may be involved in 

nucleic acid release and diffusion into the CSF. The process of relating cfNA concentrations in 

the CSF to neuropathology within the brain would be more efficient with a better understanding 

of source of cfNAs. Since it has been shown that nucleic acid release may be a normal part of 

healthy cell-cell signaling, understanding the implications of this signaling would be critical.  

Relating cfNA to underlying neuropathology may also be more successful following sequencing 

and methylation analysis. These factors may be useful in tracking the circulating nucleic acids to 
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cell types and brain regions. Following such characterization, evaluation of cfNA in the blood 

serum would be feasible. Without knowledge of the specific nucleic acid molecules, attributing 

the measured serum levels of cfNAs to brain injury is not possible, especially since the blast 

model used here results in a whole-body exposure. By elucidating nucleotide sequences and 

methylation patterns that are brain specific, the separation of brain-specific nucleic acid 

molecules will be possible. 

A final consideration in measuring CSF concentrations of cfNA is the total volume of CSF at 

time of collection. Edema has been observed following BINT and also influences the total 

available volume of CSF. CSF volume changes have been observed within the brain injury 

pathology [332-334]. With a change in total volume, the concentration of cfNAs will change. 

Edema is typically observed in the acute stages of severe brain injuries and subsides in the 

chronic stages. Moreover, edema has not been observed in our model of BINT. Therefore, it is 

not expected that the observed changes result from any total changes in CSF volume. Still, future 

work should seek to validate the concentration change observed at one month through 

normalization to a control CSF constituent or total CSF volume.  
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Chapter 7: Summary 
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7.1 Conclusions 

BINT is an increasingly prevalent injury within both military and civilian population as 

engagement in overseas conflict and terrorist events become more frequent. Due to the little 

understanding of molecular and cellular mechanisms of the injury pathology, no efficient 

diagnostic, or treatment tools exist. Current research often focuses on cellular and physiological 

injury without proper consideration for underlying molecular drivers.  

The emerging field of epigenetics has increased our understanding of several physiological 

processes and pathological conditions by providing a mechanistic understanding of cellular 

function. Epigenetics offers a transduction pathway for environmental stimuli in eliciting cellular 

changes. These changes have been implicated in normal and pathological neurological processes. 

Epigenetic changes within the BINT have not yet been fully understood.  

The overall goal of this work was to elucidate specific epigenetic mechanisms that are involved 

in the BINT pathology and manifestation of clinical impairments. This was achieved through 

characterization of DNA methylation and histone acetylation changes, evaluation of the 

therapeutic efficacy of an HDACi, as well as the diagnostic potential of cfNA in CSF following 

blast. The main conclusions from each of the specific aims are summarized below: 

7.1.1 Specific Aim 1 

Specific Aim 1 was addressed through the work summarized in Chapter 3. Blast exposure was 

shown to trigger transient changes in global DNA methylation levels in the hippocampus. The 

DG region of the hippocampus was shown to be particularly susceptible to blast-induced DNA 

methylation changes. The changes in DNA methylation were greatest at the one week time point 

which correlated with dramatic decreases in the expression of DNMT1, which is responsible for 

maintaining DNA methylation patterns.  

7.1.2 Specific Aim 2 

Specific Aim 2 was addressed through the work summarized in Chapters 4 (sub-aims 1-3) and 5 

(sub-aim 4). A significant decline in memory was observed between days two and seven 

following blast exposure. At the seven day time point, significant decreases in histones H2b, H3, 
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and H4 acetylation was observed. Confocal microscopy confirmed this change within astrocytes 

following blast exposure. These changes may be triggered following dysregulation of 

intracellular signaling pathways, including NFκB, which show increased nuclear localization. 

Ultimately, the histone hypoacetylation correlated with altered cytokine transcription. In order to 

further investigate the, effect of histone acetylation within the BINT pathology, SAHA was 

administered following blast exposure. SAHA caused increased acetylation histone H4, but not 

H3. This correlated with altered behavioral phenotype characterized by decreased anxiety and 

high response to novelty. On the cellular level, SAHA administration was able to mitigate GFAP 

expression. 

7.1.3 Specific Aim 3 

Specific Aim 3 was addressed through the work summarized in Chapter 6. Increased 

concentrations of cfNA were detected CSF at the one month time point. This change was not 

observed at one week, or six months. A ROC curve demonstrated the efficacy of cfNA in 

discriminating between injured and sham animals with an AUROC value of 0.806. The increased 

cfDNA showed no significant correlations to GFAP or cleaved caspase-3 in the mPFC or 

hippocampus. 

7.2 Clinical Relevance 

The lack of knowledge surrounding specific injury mechanisms on the cellular and molecular 

level inhibit the successful development of efficient diagnostic and therapeutic strategies. 

Historically, BINT animal models have revealed key aspects of the injury involving 

neurodegeneration, and reactive astrocytosis, among others. Importantly, reactive astrocytosis 

has become a hallmark of the injury and has been also observed in humans following blast 

exposure [335].  Several drugs have been tested in pre-clinical settings and in clinical trials but 

none have proven effective in treatment of TBI or BINT, including those targeting 

neuroinflammatory processes. This is attributable to the lack of an understanding of the 

underlying molecular drivers in reactive astrocytosis and other relevant BINT processes. The 

findings of this work present novel regulatory mechanisms that are involved in the injury 

pathology. An initial study of therapeutic intervention of one of these mechanisms has 
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demonstrated success in altering pathological behavioral impairments and GFAP expression. The 

diagnostic potential of some of these mechanisms has also been revealed by the increase and 

efficacy of cfNA in predicting injury in the chronic stages following blast. Further 

characterization and understanding of histone acetylation and DNA methylation may provide 

effective therapeutic targets and strategies that influence the underlying mechanisms of BINT 

and mitigate the pathological aberrations. 

7.3 Limitations 

Each of the Specific Aims was accompanied by experimental limitations. These limitations may 

affect the results observed in the work and be important considerations for future studies. 

Specific limitations are listed below: 

1. The use of a rodent model of BINT presents several challenges in the scaling 

considerations to humans.  

The rodent brain, unlike the human brain, does not have gyri or sulci which have been noted 

as important areas of stress concentration in TBI models [336]. The rodent brainstem exits 

the brain axially which is different than the human brainstem which exits more vertically. 

There is also a large difference in skull thicknesses between human and rat skulls which 

could play a role in the transfer of a blast wave to the brain. Still, the rodent model has been 

shown to elicit neuropathology and neurobehavioral outcomes that are well-aligned with 

clinical symptoms of BINT [6, 9, 55]. Moreover, a rat is a well- characterized animal model 

which allows for thorough analysis of molecular changes within the brain. Prior to clinical 

translation, future studies should seek to confirm results obtained through rodent studies in 

larger animal models, including mini-pig BINT models. Proper characterization in these 

models may increase the efficiency of clinical translation. 

2. All experimentation occurred after exposure to a single peak overpressure known to 

elicit a mild BINT pathology.  

In theater, a large proportion of blast-induced brain injuries, and TBI are classified as minor 

[181]. However, more severe injuries do occur and may cause vastly different cellular 

responses. In addition, soldiers are often exposed to several blast events in the field [122]. 

The repetitive exposure has been shown to cause a more severe injury [122]. Repeated 
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exposures may also cause altered cellular responses beginning with the epigenome. Still, the 

work presented here provides a framework for studying the injury pathology beginning with 

the most common form, mild, form of the injury. Future studies may expand on these 

foundational findings by utilizing shock waves with a larger BOP, longer duration, or 

repeated exposures. This information will be critical in establishing the injury severity effect 

on epigenetic responses. 

3. The work above was carried out exclusively with male animals.  

Majority of service members sustaining BINT injuries are male, however, females are also 

susceptible to the injury [181]. Studies have demonstrated different injury responses between 

male and female subjects following both TBI [337-340]. There are also important epigenetic 

differences within the brain between genders [341-343]. As such, it may be important for 

future studies to begin to evaluate the epigenetic changes occurring in female and male 

subjects separately.  

4. The rodent model of BINT requires the usage of anesthesia during exposure. 

Prior to blast/sham procedures all animals were anesthetized with isoflurane. Isoflurane has 

neuroprotective effects that could acutely alter the injury response and pathology [344, 345]. 

The effect of this limitation was minimized through administration of isoflurane to sham 

animals. However, the presence of a neuroprotectant following injury may alter the response. 

Therefore, the changes may be exacerbated in the absence of anesthesia. Future studies may 

employ different anesthetic compounds that may avoid neuroprotective effects. 

Despite these changes this study provides novel insight into the epigenetic mechanisms of BINT 

and the ongoing epigenetic changes. These limitations provide further directions of exploration 

that may provide insight into the heterogeneity of injury responses. 

7.4 Future Work 

The ultimate goal of this work is to aide in the discovery of novel therapeutic and diagnostic 

strategies that will improve the quality of life of those affected. In order to achieve this goal, 

several outstanding research questions exist that need to be further explored. The following areas 

of research are of particular interest for future efforts: 
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1. Evaluate genome-wide DNA methylation patterns during the sub-acute stages to reveal 

affected genes and cell-types in the hippocampus.  

Chapter 3 showed significant decrease in DNA methylation during the sub-acute stages of 

the injury. Further investigation into the specific DNA methylation patterns using Next 

Generation Sequencing techniques, will provide valuable information into the specific 

changes occurring and the genes involved. In addition, evidence suggests a role for DNMT1 

in the injury pathology. Therapeutic intervention strategies should aim to increase DNMT1 

expression. 

2. Further characterize the efficacy of HDACi administration in mitigating pathological 

behavioral changes and neuroinflammation. 

SAHA showed promise in mitigating the observed pathological decrease in histone 

acetylation following blast with implications in behavior and molecular pathology. However, 

SAHA has several limitations including solubility and poor pharmacokinetics. Many HDACi 

exist that may more effectively inhibit HDAC enzymes. Also, the effects of inhibiting HDAC 

function can be broad and should further investigated in varying brain regions. 

3. Determine the specific characteristics of the CSF-derived nucleic acids including 

structure (single- or double-stranded DNA or RNA), sequence, and methylation 

patterns and their relationship to underlying neuropathology. 

Chapter 5 demonstrated the potential diagnostic ability of cfNA in the chronic stages of 

BINT. Further characterization of the specific structure of these molecules, the sequence, and 

DNA methylation patterns may increase the effectiveness and efficiency of its use as a 

biomarker. This knowledge and further understanding of the source and release mechanisms, 

will aide in establishing relationships between CSF-derived cfNA and neuropathological 

processes. This will be critical for diagnosis and monitoring of the injury progression. 
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7.5 Contributions to the Field 

The work described has resulted in several publications which are listed in Table 5 and others 

which are in preparation. 

Table 5. Relevant Publications 

Chapter Title Journal 

2 

Cellular Mechanisms and Behavioral Outcomes 

in Blast-induced Neurotrauma: Comparing 

Experimental Set-ups 

Methods In Molecular Biology 

2016; 1462:119-138 

2 

Primary Blast Brain Injury Mechanisms: 

Current Knowledge, Limitations, and Future 

Directions 

Journal of Biomechanical 

Engineering – In Press 

3 

Blast Induced Neurotrauma Causes 

Overpressure Dependent Changes to the DNA 

Methylation Equilibrium 

Neuroscience Letters 2015; 

604:119-123 

3 
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