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    Chapter 8   

 Cellular Mechanisms and Behavioral Outcomes in Blast- 
Induced Neurotrauma: Comparing Experimental Setups                     

     Zachary     S.     Bailey*    ,     W.     Brad     Hubbard*    , and     Pamela     J.     VandeVord       

  Abstract 

   Blast-induced neurotrauma (BINT) has increased in incidence over the past decades and can result in cogni-
tive issues that have debilitating consequences. The exact primary and secondary mechanisms of injury have 
not been elucidated and appearance of cellular injury can vary based on many factors, such as blast overpres-
sure magnitude and duration. Many methodologies to study blast neurotrauma have been employed, ranging 
from open-fi eld explosives to experimental shock tubes for producing free-fi eld blast waves. While there are 
benefi ts to the various methods, certain specifi cations need to be accounted for in order to properly examine 
BINT. Primary cell injury mechanisms, occurring as a direct result of the blast wave, have been identifi ed in 
several studies and include cerebral vascular damage, blood–brain barrier disruption, axonal injury, and cyto-
skeletal damage. Secondary cell injury mechanisms, triggered subsequent to the initial insult, result in the 
activation of several molecular cascades and can include, but are not limited to, neuroinfl ammation and oxi-
dative stress. The collective result of these secondary injuries can lead to functional defi cits. Behavioral mea-
sures examining motor function, anxiety traits, and cognition/memory problems have been utilized to 
determine the level of injury severity. While cellular injury mechanisms have been identifi ed following blast 
exposure, the various experimental models present both concurrent and confl icting results. Furthermore, the 
temporal response and progression of pathology after blast exposure have yet to be detailed and remain 
unclear due to limited resemblance of methodologies. This chapter summarizes the current state of blast 
neuropathology and emphasizes the need for a standardized preclinical model of blast neurotrauma.  

  Key words     Blast  ,   Neurotrauma  ,   Traumatic brain injury  ,   In vivo  ,   Methodology  ,   Preclinical models  , 
  Neuropathology  ,   Shock wave  ,   Shock tube  

1      Introduction 

  Blast-induced neurotrauma (BINT) has become the center of mili-
tary health concern because of the increasing incidence of blast- 
induced traumatic brain injury (bTBI) in combatants over the past 
two decades [ 1 ].  Cognitive impairments   that impede function and 
performance can be sustained from bTBI. Upon detonation, 
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improvised explosive devices (IEDs) create a blast wave that 
involves a rapid overpressure change as high-speed energy moves 
through ambient air, impacting surrounding war fi ghters. In 
 blast- induced injuries, the resulting insult can be categorized into 
four different modes: primary, secondary, tertiary, and quaternary. 
Primary injury is caused directly by the blast overpressure (BOP) 
wave and any barotrauma to the organs can be attributed to this 
exposure. Secondary injury is a result of blunt impact from any 
missiles, such as shrapnel, that are projected towards the body due 
to the blast. These insults can cause external, penetrating injuries 
including, but not limited to, bruises and lesions. Tertiary injury is 
due to the impact of the body with a rigid surface as a result of the 
blast wind. When soldiers are “thrown” by the blast wind, there is 
a potential for broken bones or even a concussion, which can com-
pound bTBI. Quaternary injury is a result of any chemical or burn 
exposure that occurs from the explosion itself. These exposures, 
which could include infectious agents, can have subsequent sys-
temic implications, such as lung injuries, which then exacerbate the 
brain injury. For the scope of this chapter, the discussion will focus 
on primary  blast injury   to the brain. 

 The mechanical transmission of blast energy to the brain has 
not been fully elucidated. However, while several mechanisms of 
primary  blast injury   to the brain have been hypothesized, only the 
“skull dynamics” theory is supported by computational  modeling   
and experimental evidence. This theory is based on the fact that 
the skull is not perfectly rigid and it must fl ex/deform, especially 
when subjected to impulsive loading. Thus, the  shock wave   invokes 
different skull dynamic response modes which cause injury [ 2 – 9 ]. 
While there is an undeniable theory as well as independent experi-
mental validations of the “skull dynamics” mechanism, how the 
skull dynamic response modes lead to injury at the cellular level 
still needs to be elucidated. The imparted stress waveforms from 
the blast energy can lead to localized stress and strains on the cells. 
Morphological defi cits including cytoskeletal and axonal damage 
can lead to necrosis if injury thresholds are reached. Arguably, 
more emphasis has been placed on determining the time course of 
secondary cellular injury mechanisms. These include regulation of 
neuroinfl ammation through cytokine signaling, glial activation, 
and oxidative stress through accumulation of reactive oxygen spe-
cies (ROS). Delayed apoptosis can result from these cascades and 
has a potential link to chronic behavioral and functional defi cits. 
Many cellular cues have been explored, and yet the exact mecha-
nism of injury at the cellular level has not been determined. 

 A signifi cant limitation of evolvement within the blast neu-
rotrauma community is the lack of standardized preclinical models. 
Many sources of data variability come from variances induced by 
different experimental setups. This has become such a signifi cant 
concern that the NIH/NINDS has recently developed a list of 
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 common data elements   (CDEs) for preclinical TBI research to 
promote the use of standard reporting and facilitate comparisons 
across studies [ 10 ]. Thus, the goal of this chapter is to present and 
compare blast neurotrauma methodology and subsequent data 
from the current literature to stress the importance of implement-
ing standardizing preclinical methods. 

   Several experimental approaches are reported within the current 
blast neurotrauma literature. Various methods may contribute to 
inconsistent fi ndings surrounding BINT. For those interested in 
studying the effects of BOP on the brain, isolation of the primary 
blast wave is crucial ( see   Note    1  ). However, some studies have 
examined the effect of composite injuries involving multiple injury 
modes [ 11 ]. Others have studied the combined effects of primary 
and quaternary blast injuries in what is referred to as a burn-blast 
model [ 12 ]. Knowing the exact blast parameters used to cause 
injury is crucial for comparison between research models. 

 Prior to experimentation, understanding blast physics, or working 
with experts in this fi eld, is critical to designing appropriate environ-
ments to simulate a particular blast condition. The previous chapter 
(Chapter   7    ) by VandeVord et al. presents a detailed review of blast phys-
ics fundamentals. Briefl y, BOP, defi ned as a deviation from atmospheric 
pressure, can be classifi ed as static or dynamic. Static overpressure is 
considered the crushing force of the blast wave and can be measured 
perpendicular to the fl ow direction such that it does not impede the 
fl ow.  Dynamic pressure   is called the “blast wind” and for certain condi-
tions is the major cause for blast displacement of objects as opposed to 
the static pressure, which causes crushing. In BINT studies, duration 
and magnitude of static overpressure are usually reported and most 
studies aim to represent a simplistic blast wave, the Friedlander wave-
form (Fig.  1 ) [ 13 ]. A comprehensive review of testing methods found 
in literature reporting primary blast brain injuries is summarized in 
Fig.  2 . All pressure measurements reported within the review are static 
overpressures given by the cited article ( see   Note    2  ).

       Open-fi eld 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-fi eld testing 
is that there is no fl ow hindrance of the blast wave, which allows for 
testing of either larger animal models or multiple small animal 
models (Fig.  3A, B ) [ 14 – 16 ]. On the other hand, administering 
anesthesia and controlling for bacterial exposure to survival  animals 
are more diffi cult in the harsh outside environment ( see   Note    3  ).

   While detonations are arguably the most successful in recreat-
ing battlefi eld explosions, a limitation is that repetition of the same 

1.1  Current 
Methodologies 
for Small Animal 
Preclinical Testing

1.2  Detonation 
of Explosives
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  Fig. 1    Classical free-fi eld blast wave, referred to as the “Friedlander waveform,” 
is a simplifi ed representation of the variation through time of static pressure for 
a classical free-fi eld blast wave as would be measured at a fi xed location passed 
by the blast. It does not account for refl ection against the ground or other natu-
rally occurring anomalies. In general, the classical free-fi eld blast wave is char-
acterized by a single high-pressure pulse, or shock front, followed by a rapid 
exponential decrease of the overpressure (positive phase) and terminating with 
a period of negative overpressure (negative phase) before returning to ambient 
conditions       

  Fig. 2    Schematic of various methodologies which are used for BINT identifi ed from literature. Defi ning charac-
teristics, such as animal positioning and how the shock wave is generated, serve as distinctive features       
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testing conditions is nearly impossible given variability between 
explosive devices and refl ections 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 war-
fare in theatre, consistent exposure is crucial for obtaining statisti-
cal signifi cance within research data. Static overpressure profi les do 
not resemble the ideal Friedlander waveform and positive dura-
tions have been measured up to 18 ms [ 14 ]. Obtaining the clear-
ance to perform open-fi eld blast studies in an approved facility is 
diffi cult. Yet, some researchers have used explosives in conjunction 
with blast tubes to replicate battlefi eld explosions in an experimen-
tal environment, eliminating the need for open space (Fig.  3G ) 
[ 17 ]. Another drawback is that secondary injuries, such as those 
sustained from debris, often occur with explosives setups, thus pre-
cautions (e.g., animal shielding) are required in order to limit stud-
ies to primary injuries ( see   Note    4  ). While it is diffi cult to isolate 
primary blast wave, animal protection such as containment within 
a cage has been utilized for open-fi eld blasts [ 15 ,  18 ].  

  Fig. 3    Examples of different blast experimental setups. ( A ) Open-fi eld testing (Rubovitch et al. [ 15 ]) ( B ) Bunker 
setup (Kaur et al.). ( C1 ) Shock tube with animal outside (Long et al. [ 75 ]). ( C2 ) Shock gun with animal on-axis 
(Svetlov et al.). ( D ) Shock gun with animal off-axis (Svetlov et al.). ( E ) Shock tube with an open end (Nambier 
et al.). ( F ) Advanced blast simulator (VandeVord et al. [ 54 ]). ( G ) Combined explosive in tube (Saljo et al.)       
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   Since live detonation testing is not optimal for research laboratories, 
several devices have been constructed to recreate  shock waves  . The 
shock gun method consists of a narrow tube (usually vertical) that 
contains a driver and driven tube separated by a diaphragm. The 
bursting of the diaphragm creates a shock wave that is transmitted 
to a specimen positioned outside of the tube. In this setup, posi-
tioning of the animal is crucial in terms of achieving exposure to 
static overpressure without exposure to the dynamic winds ( see  
 Note    4  ). The effects of positioning the animal perpendicular to the 
shock wave have been studied, and it was found that this orienta-
tion causes head accelerations atypical of blast TBI (Fig.  3C2 ) 
[ 19 ]. Placing the animal directly under the tube causes very high 
dynamic overpressure exposure that is not representative of open-
fi eld blast exposure. The fast expansion of the wave leaving the 
narrow tube causes rapid dissipation of energy and can therefore 
make it diffi cult to produce an accurate free-fi eld blast wave. The 
combination of the emerging  shock wave   and venting gas causes 
the formation of a vortex and high-fl ow-velocity region called end-
jet. As such, researchers using this device have modifi ed their 
methodology so that the animal is offset from the end-jet and not 
exposed to refl ections (Fig.  3D ) [ 11 ,  20 ]. 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 mea-
surements need to be collected to verify that the conditions resem-
ble an appropriate blast environment.  

   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 con-
trolled environment with high repeatability. Most recently, 
modifi cations to the ST have led to the design of the advanced 
blast simulator (ABS), which was designed to intrinsically repli-
cate all the key features of blast wave fl ow conditions, including 
the negative phase and secondary shock as described previously 
by VandeVord et al. (Chapter   7    ). 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 [ 21 ]. 
Because the wave is produced by compressed gas bursting a 
membrane instead of an actual chemical explosion, the term 
shock wave is used instead of blast wave. It is important to 
understand how the  shock wave   develops within the tube and 
how end-of-tube rarefaction leads to an imbalance of high 
dynamic pressures and 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 (Fig.  3C1 ;  see   Note    4  ). In order to create a more 

1.3  Shock Guns

1.4  Conventional 
Shock Tubes (ST) 
and Advanced Blast 
Simulators (ABS)
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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) (Fig.  3F ). The EWE 
consists of a dump tank that can contain the expanding gases 
from entering the lab space and at the same time creates some 
overpressure refl ection that counteracts the rarefaction wave. 
Baffl ing is incorporated into the EWE to break up the venting 
shock front and prevents the waves from traveling back up the 
device, in contrary to the ST which has an open end causing a 
refl ection of the wave and exposing the animal to multiple extra-
neous shocks that do not exist in real blast conditions (Fig.  3E ). 
A disadvantage of using either the ST or ABS designs is that 
shock fl ow constraints require less than 20 % restriction of speci-
men in the device in order to recreate the most accurate blast 
fl ow conditions. Large animal studies would require a much 
larger chamber (approximately 16 square foot cross section) or 
the addition of an expansion section for optimal fl ow specifi ca-
tions, which ultimately leads to laboratory space concerns.   

2    Materials 

   Male adult Sprague Dawley rats (250–300 g) from Harlan Labs 
(San Diego, CA, USA) are used for these experiments. Animals are 
acclimated 12-h light/dark cycle with food and water provided ad 
lib in an Association for Assessment and Accreditation of Laboratory 
Animal Care-approved facility.  

   The animals are anesthetized with a continuous fl ow of 3 % isofl u-
rane and 60 % oxygen for 5 min.  

       1.    Compressed gas (helium preferred).   
   2.     ABS   (driver section, test section, end-wave eliminator).   
   3.    Membrane (Acetate, Mylar, Vinyl, Metal; Grafi x Plastics, 

Cleveland, OH, USA).   
   4.    Pressure sensors (PCB Piezotronics Inc., Depew, NY, USA).   
   5.    Signal Conditioner (PCB Piezotronics Inc., Depew, NY, USA).   
   6.    Dash 8HF data acquisition system (Astro-Med, Inc, West 

Warwick, RI, USA).   
   7.    Animal sling holder (Custom made from mesh).   
   8.    High-speed video camera (Phantom Miro eX2, Vision 

Research, Wayne, NJ, USA).   
   9.    Physiological  monitoring   system (Nonin PulseSense VET 

Pulse Oximeter, Henry Schein Inc. Melville, NY, USA).       

2.1  Animals

2.2  Anesthesia

2.3  Materials 
for Testing
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3    Primary Mechanisms of Blast Neurotrauma 

 In all of the described methods for inducing blast neurotrauma, the 
mechanical insult from a blast wave ultimately causes direct damage 
to cells in terms of morphological defects. While there are several 
hypotheses regarding which component of blast loading is most 
closely correlated to injury, it is accepted that brain cells are exposed 
to high-speed mechanical impulses. bTBI is a diffuse injury due to 
the global exposure to the entire skull. This widespread injury dif-
ferentiates bTBI from blunt impact TBI, which is a focal insult 
accompanied by head rotational acceleration [ 22 ]. Even though 
energy translation leading to injury differs between blunt and blast 
TBI, cortical, and hippocampal injuries have been observed with 
both mechanisms, as well as similar clinical symptoms [ 23 – 25 ]. 
Shearing and stretching of cells occur due to the imparted wave 
stress at the microscopic level. Since the methodology of inducing 
BINT may lead to differing injuries, the following sections aim to 
provide a comparison of the primary injury mechanisms of BINT 
resulting from the various experimental blast models. Identifying 
specifi c biomarkers of primary injury mechanisms can serve to dif-
ferentiate between the experimental methods of BINT. 

   The cytoskeleton is the supporting network of fi bers and fi laments 
in the cytoplasm of a cell and has various functions, including defor-
mation resistance through supporting structure, cell signaling, and 
intracellular transport. Damage to the cytoskeleton has been shown 
to elicit downstream abnormalities in acute brain injury [ 26 ]. Due 
to cellular shearing during exposure to blast, cytoskeletal breakage 
can occur, impairing cytoskeletal functions. A study of explosive-
induced blast neurotrauma reported an increase of phosphorylated 
neurofi lament proteins (p-NFH) in the cortex and hippocampus 
following blast exposure at 240 kPa at 18 h post-blast [ 17 ]. These 
changes were found during acute stages and were resolved by 
21 days after blast [ 17 ]. Cytoskeletal degradation in the hippocam-
pus as well as the cortex was observed in several low-level (11.5 kPa) 
shock gun studies at 12 h post- exposure with some recovery [ 27 , 
 28 ]. The ST model produced a decrease of actin (microfi lament 
protein) in the nucleus accumbens at 3 days post-blast [ 29 ], as well 
as an increased amount of cytoskeletal enzymes, which contribute 
to the degradation of structural cytoskeletal fi bers, in the cortex and 
cerebellum [ 30 ]. These changes were observed at 1 and 7 days fol-
lowing BOP exposure. While there was natural resolution of cyto-
skeletal impairments in an explosive model at 240 kPa by 21 days, 
there was faster recovery (by 7 days) in an 11.5 kPa BOP shock gun 
model. These results show that cytoskeletal degradation is a com-
mon  outcome   occurring throughout the brain; however, the extent 
of degradation and recovery time differ based on methodology 
used to induce injury and magnitude of BOP.  

3.1  Cytoskeletal 
Damage
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   The blood–brain barrier (BBB) is  a   selective membrane that is 
essential to creating a controlled environment suitable for brain 
function. The BBB functions to protect the brain from pathogens 
and other harmful molecules through selective transport and per-
meability. The loss of integrity of this barrier may lead to neurologi-
cal dysfunction and disease. Following TBI, it is known that the 
BBB loses integrity which enhances subsequent damage through 
neuroinfl ammation and increased permeability [ 31 ]. Similarly, BBB 
disruption has been reported following BINT. BBB permeability/
integrity is identifi ed by evaluating the quantity of endothelial cells 
in models of BINT. While secondary mechanisms ensue following 
injury and can affect BBB integrity, BBB disruption, including 
acute microlesions, has been reported as the result of the mechani-
cal insult. In a shock gun study which utilized a rifl e barrel to gener-
ate the  shock wave  , BBB disruption was observed to be dependent 
on the magnitude of the blast overpressure from 145 to 323 kPa 
but independent of the time point of assessment [ 20 ]. BBB break-
down, characterized by immunoglobulin (IgG) extravasation, was 
also reported in open-ended ST studies to be present in the cortex 
at 3 and 24 h post-blast but not at longer time points [ 32 ,  33 ]. 
Skotak et al. [ 34 ] found BBB degradation from over 190 kPa BOP 
in an open-ended ST experiment at 24 h post- exposure. However, 
these changes were found throughout the brain and were not local-
ized to the cortex. BBB disruption appears to occur immediately in 
high-severity blasts and is possibly the best correlate of cellular 
damage along with primary blast level [ 20 ,  32 ].  

   Cerebral vasculature includes arteries and veins that supply the brain 
with oxygen and nutrients necessary for brain function and transport 
of blood back to the heart. Any disruption of these vessels could have 
catastrophic consequences on brain health. In  concussive brain injury, 
traumatic cerebral vascular injury plays a large role in pathophysiol-
ogy [ 35 ]. Abnormalities in vascular structure and impaired vascular 
integrity are seen in morphological stains and can be due to the shear-
ing effects at density interfaces during injury. Rapid overpressure is 
reported to cause mechanical damage at the brain-blood interface, 
which can be identifi ed by vascular damage [ 36 ]. In open-fi eld explo-
sive studies, narrowed and permeable vasculature were found in a 
mouse mode of BINT with pressures ranging from 48 to 77 kPa and 
recovery up to 4 days post-exposure [ 14 ]. Cerebral microvascular 
lesions and downregulation of type IV collagen (basal lamina compo-
nent) are commonly reported in studies using a ST with the rodent 
near the end of the tube, demonstrating a diffuse response through-
out the brain [ 37 – 40 ]. Gama Sosa et al. [ 38 ] reported shear-related 
injuries, such as microhemorrhage and  degeneration   in cerebral 
microvessels, in cortical vessels in a repeated-exposure (74.5 kPa) ST 
model at 24 h and 10 months post-exposure. Kamnaksh et al. [ 40 ] 
reported increased plasma levels of vascular endothelial growth factor 

3.2  Blood–Brain 
Barrier Dysfunction

3.3  Neurovascular 
Disruption
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(VEGF) in the repeated-exposure group at 2 h post-exposure and in 
the single-blast group at 22 days post-exposure. Damage of cerebral 
vasculature was observed with all blast methodologies but the time 
course of recovery is debatable, depicting the diffuse nature of BINT 
resulting in lasting damage. Multiple blast exposures can also con-
tribute to early presentation of vascular damage.  

   The axon is an extension of the neuron that transmits impulses 
away from the soma to the axonal terminal to relay information. 
Axons can signal over long distances; thus, having axonal integ-
rity is crucial for optimal brain activity. In TBI, axonal injury, 
characterized by axonal swelling and cytoskeletal damage, is 
commonly found due to the susceptibility of axons to deforma-
tion [ 41 ]. In BINT, axonal injury has been identifi ed in some 
modalities. Axonal injury is often diagnosed using beta-amyloid 
precursor protein (β-APP), but gross morphology through his-
tological analysis can also be a predictor. β-APP is an integral 
membrane protein that gives rise to beta-amyloid  following   
posttranslational modifi cations. In explosive open-fi eld modali-
ties, morphological axonal abnormalities quantifi ed using diffu-
sion tensor imaging (DTI) at 7 and 30 days post-blast have been 
observed [ 15 ] as well as increased β-APP at 24 h post-blast for 
49 and 77 kPa exposures [ 14 ]. An abnormal distribution of 
p-NFH, indicating damage of axons, was seen in a model with an 
explosive driver at 240 kPa [ 17 ]. Axonal injury (increased β-APP) 
at  acute   stages has also been observed for experimental tests out-
side the ST using explosives to generate the shock wave [ 36 ]. 
The reports suggest that nonuniform,  uncontrolled shock waves 
from explosive devices will result in high injury severity that cul-
minates in axonal disruption. 

 In an open-end ST model, Valiyaveettil, et al. [ 30 ] found  dif-
fuse axonal injury   following repeated blasts on mice, while Koliatsos 
et al. [ 42 ] reported axonal injury with single exposures of 
68–183 kPa static overpressure. Damage was localized to the cer-
ebellum and brainstem. In these studies, multiple blast exposures 
could have an effect on progression of axonal injury throughout 
the brain. Conversely,  using   a model with animals placed within 
the ST [ 43 ], β-APP was not found to be elevated within the hip-
pocampus; thus, no axonal injury was identifi ed. While pressure 
magnitude likely affects the results, one possible explanation is that 
a refl ection wave due to an open end produces an upstream shock 
that causes multiple or enhanced shock exposures that would cause 
uncharacteristic shearing of axons in specifi c regions of the brain. 
Garman et al. [ 33 ] reported that exposure in an ST produced deep 
axonal injury in the cerebellum and brainstem, with tendencies of 
diffuse axonal injury. However, the animal was placed in a body 
shielding device in which the head will undergo rapid accelerations 
(brainstem damage is an indicator of acceleration-based injury) 

3.4  Axonal Injury
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while the body is shielded, giving an inaccurate representation of 
true primary blast exposure and the possibility of the tertiary mode 
of  blast injury  .   

4    Secondary Mechanisms of Blast Neurotrauma 

 Following the initial mechanical insult, secondary injury pathologies 
ensue through the activation of various cellular cascades. The cel-
lular response to  blast injury   encompasses but is not limited to 
chronic infl ammation and oxidative stress. Similar responses have 
been observed in other neurological disorders and have been linked 
with  cognitive impairments   [ 44 ,  45 ]. While the roles of pro- 
infl ammatory and pro-oxidative pathways have been investigated, 
their temporal appearance and subsequent progression in BINT 
remains unknown. Since various methods of inducing BINT have 
led to differing pathologies, the following section aims to provide 
a comparison of the secondary mechanism of BINT resulting from 
different experimental blast models. 

   Brain injury, including BINT, is followed by a chronic infl amma-
tory response characterized by a sustained activation of glial cells 
including microglia and astrocytes [ 46 ,  47 ]. The response from 
glial cells is important to cell survival and neuroprotective efforts; 
however if not controlled, it can contribute to sustained brain 
injury. Microglia are the resident immune cells of the central 
 nervous system (CNS) and their activation following injury involves 
the release of several infl ammatory molecules. Several studies have 
observed microglia activation as a result of BOP exposure both in 
the acute and chronic stages of recovery [ 18 ,  32 ,  48 – 50 ]. Microglia 
activation has not been investigated as a result of the shock gun 
method but has been demonstrated in both open-fi eld and ST 
experimental setups. In the open-fi eld setup, Kaur et al. [ 49 ] found 
lasting microglia activation for 14 days in the pineal gland. Similarly, 
with animals placed inside an ST, increased activation of microglia 
was observed for up to 30 days in the hippocampus and brainstem 
[ 48 ]. An increase in the microglia population, observed using 
Iba-1 and ox-42, has been reported for open-fi eld,  ABS  , and ST 
testing [ 14 ,  49 – 51 ]. These changes were reported in the hippo-
campus and corpus callosum and have been shown to correlate 
with injury severity [ 14 ,  51 ]. This indicates a diverse response of 
microglia with varied pressure magnitudes. Such diversity may 
imply that microglial response may be suitable for use as a biologi-
cal pressure sensor in which activation of certain molecular path-
ways depends on the severity of the blast exposure. 

 Alterations in astrocyte activation have also been observed. 
Astrocytes are a key player in brain homeostasis and their activation 
occurs through a mechanism of hypertrophy coupled with an increase 

4.1  Infl ammation
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of intermediate fi laments such as glial fi brillary acidic protein ( GFAP)  . 
Widespread changes to astrocyte intensity, through swelling and pro-
liferation, have been observed in several brain regions following 
BINT with various experimental set-ups. Increases in  GFAP   follow-
ing blast have been reported in the hippocampus [ 43 ,  48 ,  50 – 54 ], 
cortex [ 50 ,  53 – 55 ], amygdala [ 53 ,  54 ], and other brain regions [ 29 , 
 48 ] and appear to correlate with elevated levels of  GFAP   in the blood 
[ 11 ,  40 ]. Both acute (less than 3 days) and chronic changes (lasting 
up to 21 days) in GFAP expression and protein levels have been 
reported following BINT in rodent models. Using a shock gun 
method, Svetlov et al. [ 52 ] found no changes to GFAP levels in the 
cortex but found increased  GFAP   levels in the hippocampus 7 days 
after exposure. More prolonged GFAP changes have been observed 
in the open-fi eld, ABS, and ST experimental setups. In the open-fi eld 
setup, GFAP immunoreactivity increased both in the cortex and in 
the hippocampus for up to 21 days following injury [ 50 ]. Similar 
results were found in the hippocampus using an ST and  ABS   with the 
animal within the device [ 43 ,  48 ,  51 ,  54 ] and an open ST with the 
animal located just outside [ 53 ]. 

 Infl ammation is regulated by pro-infl ammatory 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 in animal models and multiple 
experimental setups but their role in the pathology of the injury is 
not yet fully understood. 

 Interleukins are a family of cytokines that play a critical role in 
mediating the infl ammatory and immune response, several of 
which have been found to change following BINT [ 53 ,  56 ,  57 ]. 
Interleukin 6 (IL-6) has been the most studied interleukin likely 
due to its involvement in the infl ammatory response following 
brain injury [ 58 ]. Using a rat model, IL-6 protein levels were 
found to be increased in the hippocampus and amygdala [ 53 ]. The 
injury was administered using an open-ended ST with the animal 
placed at the end of the tube. Valiyaveettil et al. [ 57 ] showed that 
mRNA expression of IL-6 was increased in the midbrain of mice 
placed within the ST. These results indicate upregulation of IL-6 in 
several brain regions in the acute stages following BINT which dif-
fer from results observed in serum. Sajja et al. [ 56 ] found that IL-6 
protein levels were decreased in the blood serum from rats 72 h 
following injury using an open-end ST with animals placed inside. 
These results suggest potential local release of IL-6 from glia and/
or relocalization of IL-6 from circulation to the site of injury. 
However, the infl ammatory response appears to be delayed. 

 Other interleukins have been investigated following BOP expo-
sure in animal models. Using an open-ended ST with the animal 
inside the tube, mRNA expression of various interleukins has been 
observed to vary within various brain regions. IL-2 was decreased in 
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the hippocampus, IL-28 was decreased in the cerebellum but IL-7 
increased in the frontal cortex [ 57 ]. Cytokine expression changes have 
not been limited to the brain. Interleukins have been shown to be 
altered in the blood serum in the acute stages following BOP expo-
sure [ 56 ]. A signifi cant increase in IL-5 was observed in the nucleus 
accumbens, anterior motor cortex, prefrontal cortex, and anterior 
striatum [ 59 ]. Authors speculate that IL-5 could be a key regulator of 
infl ammation after  blast injury   since the response was so diffuse in the 
brain. Other reported cytokines were found elevated within the brain, 
including GM-CSF, IL-1α, IL-10, and IL-1β [ 56 ,  59 ]. 

 TNF-α and IFN-γ are additional key cytokines found in the 
brain and are involved in the infl ammatory response through tran-
scriptional regulation [ 60 ,  61 ]. Dalle Lucca et al. [ 62 ] reported 
acute increases in TNF-α following injury using an open-ended ST 
with the animal placed inside the tube. Similarly, IFN-γ upregula-
tion was demonstrated in the acute stages of recovery from BOP 
exposure. Cho et al. [ 63 ] found increased IFN-γ in the hippocam-
pus resulting from the animal being placed within an  ABS  . Kamnaksh 
et al. [ 53 ] found a similar increase in the hippocampus as well as an 
increase in the amygdala following exposure from an open-end ST 
with the animal at the end. Upregulation of each of these cytokines 
may have a detrimental impact on cell survival. Many of the genes 
that are regulated by TNF-α are also regulated by IFN-γ and the 
combination of these cytokines can lead to a large increase in the 
transcription of these genes [ 64 ]. This transcriptional change may 
directly affect the chronic pathology of BINT.  

   Oxidative stress occurs following the aberrant production of ROS, 
including hydrogen peroxide and superoxide anion. ROS are pro-
duced as by-products of normal cell metabolism, and play a role in cell 
signaling and homeostasis [ 65 ]. ROS levels are maintained by a 
dynamic equilibrium between their production during metabolism 
and degradation facilitated by antioxidants. Excess accumulation of 
ROS can cause neurotoxicity and  neurodegeneration   by prolonged 
upregulation of pro-infl ammatory mediators [ 66 ] and has been shown 
to play a role in the secondary injury process of TBI and BINT. Increased 
levels of ROS have been found in both acute and chronic stages fol-
lowing  blast injury   [ 32 ,  63 ,  67 – 71 ]. The oxidative stress appears to be 
widespread following BINT as it has been observed in the hippocam-
pus [ 63 ,  68 ], cortex [ 67 ,  69 ], and hypothalamus [ 70 ]. These changes 
have been found in rodent models using both the ST and shock gun 
experimental setups. The shock gun method has been shown to pro-
duce increased oxidative stress in the hypothalamus 6 h following 
injury [ 70 ], but longer time points have not been investigated. In the 
 ABS   setup (animal placed inside), increased oxidative stress was 
observed in the hippocampus from 4 h to 2 weeks post-injury [ 63 ]. 
Open-ended STs have shown similar increases in the hippocampus 
[ 32 ,  68 ] as well as increases in the cortex [ 67 ,  69 ]. The prolonged, 

4.2  Oxidative Stress
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widespread accumulation of ROS undoubtedly affects brain function, 
and has been shown to induce changes to the  BBB   that cause increased 
neuroinfl ammation [ 69 ]. This secondary effect was observed in an ST 
rat model [ 69 ] and an open-fi eld explosion mouse model where BBB 
dysfunction was observed 1 month after injury [ 15 ]. This can poten-
tially explain the chronic infl ammatory response associated with the 
secondary injury mechanisms. 

 In order to ameliorate the pro-oxidative environment, superoxide 
dismutase 1 (SOD1) and superoxide dismutase 2 (SOD2) are natural 
antioxidants that function to restore the proper balance of superoxide 
radicals. These antioxidants have been shown to be altered following 
BINT. In rodent models, SOD1 and SOD2 expression and protein 
levels were increased following injury. Both open ST and  ABS   have 
shown elevated SOD1 in the hippocampus when the animal is placed 
within the device [ 51 ,  68 ,  72 ]. In the open-fi eld setup, Rubovitch 
et al. [ 15 ] observed altered SOD2 levels in the areas surrounding vas-
culature. Cernak et al. [ 68 ] found transient SOD2 levels in the hip-
pocampus following  blast injury   inside an open-end ST. SOD2 was 
signifi cantly increased 5 days after injury but no change was found 
after 24 h. In contrast, Huber et al. [ 72 ] found increased SOD2 in the 
hippocampus 24 h after injury which subsided 30 days after injury. 
These results show that the antioxidant, SOD2, is upregulated in 
response to injury. This response may be triggered by the aberrant 
accumulation of ROS. Upregulation of antioxidant enzymes indicates 
potential neuroprotective efforts of glial cells to reduce the pro-oxida-
tive environment. These efforts appear to decrease in the chronic 
stages as the antioxidant enzymes return to basal level expression. It 
has been well established that the accumulation of ROS is critical in 
BINT pathology. Therefore, natural methods to ameliorate the pro-
oxidative environment become very critical to recovery.   

5    Functional and Cognitive Outcomes Following Blast Neurotrauma 

 Cognitive and functional defi cits have been observed  clinically   fol-
lowing blast-induced TBI [ 24 ]. Loss of motor function, memory 
defi cits, and increased  anxiety   are some of the key features associ-
ated with BINT pathology. Experimental reproduction of blast 
injuries in animal models has shown similar outcomes. The changes 
have been observed predominantly in rodent models in controlled 
ST models, but other methodologies have been also used to char-
acterize  behavior   after injury. This section begins to summarize 
some of the functional, behavioral, and cognitive changes observed 
following BINT in animal models. 

   As previously described, evidence of cellular disturbances in pri-
mary and secondary modes of  blast injury   has been observed 
within the cortex and can begin to explain the loss of motor 

5.1  Motor Function
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function observed by BINT pathology. Loss of motor function in 
the rodent model has been well established and has been demon-
strated in the shock gun, ST, and open-fi eld experimental setups 
[ 28 ,  42 ,  48 ,  67 ,  73 ,  74 ]. In the open-fi eld setup, animals showed 
decreased motor function up to 3 days following injury [ 74 ] but 
not at 7 or 30 days [ 15 ]. In a shock gun setup, Park et al. [ 27 ] 
found lasting motor function defi cits until 9 days after exposure. 
Results from ST experiments show differing results. Some studies 
have shown that motor function defi cits followed blast exposure 
and are apparent in the acute stages [ 42 ,  67 ,  73 ] but they have also 
been shown to last for 21 days following the injury [ 48 ]. However, 
other investigations have shown no defi cits in motor function [ 54 ]. 

 Motor function impairment appears to occur immediately fol-
lowing the  blast injury   and only be present temporarily [ 42 ,  48 , 
 73 ,  75 ], which leads to a concern regarding anesthesia effects ( see  
 Note    3  ). While motor control may be diminished at the acute 
stage, the timeframe of impairment remains unclear. Using a  shock 
tube   paradigm, it has been shown that motor function returns to 
basal levels at 2 h following the injury according to the balance 
beam task [ 73 ]. While another study found that the motor func-
tion was not restored until 21 days later using the Rotarod task 
[ 48 ]. These differences may result from either the varied sensitivi-
ties of the performed tasks or the different magnitudes of BOP 
exposure ( see   Note    5  ).  

   Anxiety-like behavior has been described as a symptom of BINT 
through animal models. Several behavioral tests have been per-
formed to assess anxiety including an open-fi eld test, light dark 
box, and the elevated plus maze. In all behavioral tests, anxiety 
following BINT has been observed [ 28 ,  40 ,  42 ,  48 ,  73 ].  While   the 
shock gun, ST, and open-fi eld experimental setups have been uti-
lized to assess  anxiety  , only the shock gun and the ST setups pro-
duced anxiety-like behavior. The open-fi eld experiment did not 
produce anxiety within 7 days following exposure [ 25 ]. Anxiety- 
like behavior has been found to persist in both the acute and 
chronic stages for up to 30 days following BOP exposure [ 48 ]. 
These changes likely result from primary injuries sustained to the 
amygdala and the activation of secondary cascades, which were 
noted and described previously.  

   Primary and secondary mechanisms of blast neurotrauma have been 
reported to create biological changes in the hippocampus (which is 
crucial for various forms of memory). As a result, memory loss is an 
important outcome of BINT and brain injury in general. Memory 
defi cits have been studied following BINT in the rodent model 
using a variety of cognitive tests. These tests have been conducted to 
investigate changes in recognition and recollection, associative 
memory, and spatial memory following BINT. 

5.2  Behavior

5.3  Cognition
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 In order to investigate recognition memory, novel object 
recognition (NOR) tests have been performed using a rodent 
model of BINT [ 25 ,  63 ,  76 ]. This test capitalizes on the rodent’s 
natural instinct to explore new objects in their environment. 
Blast exposure has been shown to correlate with a decline in 
recognition memory observed at 7 days [ 25 ,  63 ] and 14 days 
[ 63 ] following the injury induced by an open-fi eld environment 
and the  ABS  . Interestingly, memory changes were not observed 
at 72 h following injury which may indicate a delayed response 
and dependence on secondary injury mechanisms [ 76 ]. 

 Avoidance tasks use certain cues associated with aversive stimuli 
to test associative memory, which entails the ability of the  animal to 
associate cues with a stimulus. These tests have demonstrated defi cits 
in associative memory immediately following blast exposure [ 73 ] 
and lasting at least 30 days [ 48 ]. These behavioral defi ciencies were 
observed following blast exposure in an open-end ST setup with the 
animal inside the tube and were not observed in an open-fi eld setup 
[ 25 ]. However, associative memory changes have been demon-
strated to be dependent on injury severity and overpressure magni-
tude [ 48 ,  73 ] which may be the cause of these contradictions. 

 Behavioral tests like the Y-maze, MWM, and Barnes maze are 
useful in assessing changes to spatial memory following BINT. 
 Spatial   memory is challenged based on the animals’ ability to 
remember and perform in a previously explored environment. 
While defi cits to spatial memory have been observed in rodents, 
the changes appear to be transient following BINT. Many studies 
have demonstrated defi cits following BINT only at various time 
points in the acute stages following injury in the ST [ 42 ,  54 ,  73 , 
 75 ,  77 ]. The results from these tests are inconsistent with open- 
fi eld tests as lasting spatial memory defi cits have been observed 
[ 15 ]. Still, other studies have found, both in the ST and in an 
open-fi eld environment, little to no changes in spatial memory 
[ 25 ,  40 ]. The inconsistency between fi ndings may result from the 
differences in the BOP exposure and subsequent injury severity 
which can cause differences in the primary and secondary mecha-
nism of injury. Despite some contradictions, it appears that spatial 
memory is altered in the acute stages following BINT.   

6            Notes 

 This chapter summarizes the various cellular and behavioral out-
comes that are seen in different experimental setups of BINT. Common 
themes have been established, such as morphological defects, infl am-
mation, and oxidative stress, but the specifi c time course at which 
these are presented differs with respect to the method of inducing 
bTBI. Differences in cognitive and functional outcomes are also seen 
between the various blast methodologies. There are many 
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inconsistencies between researchers in the methodology of inducing 
bTBI. These inconsistencies manifest in altered cellular regulation 
due to the modes of injury and the injury severity. Some methods do 
not accurately recreate the free-fi eld blast wave or use incorrect ani-
mal positioning, which can introduce secondary and tertiary forms of 
injury and are unrepresentative of BINT. In order to be able to more 
effectively to compare data between research groups, limitations 
need to be minimized. Such limitations include the following:

    1.    Improper animal harnessing which exposes the animal to ter-
tiary injury and head accelerations and thus may lead to differ-
ent injury pathologies.   

   2.    Differences in pressure sensors and location of static pressure 
measurements which can lead to inconsistent relationships 
between peak static overpressure,  dynamic pressure  , and 
duration.   

   3.    The use of different anesthetics during testing, some of which 
are neuroprotectants and have various recovery rates leading to 
inconsistent results.   

   4.    Improper animal location which results in exposure to multiple 
waveforms or a dynamic blast wind injuring the live specimen.   

   5.    Biological and behavioral assessments that vary between labora-
tories and have different sensitivities to pathological outcomes .         
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