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Abstract

Blast-induced traumatic brain injury (bTBI) has been described as the defining injury of Operations Enduring
Freedom and Iraqi Freedom (OEF/OIF). Although there has been a significant amount of research characterizing
the brain injury produced by blast, greater understanding of the contribution of each component of the shockwave
to the injury is needed. Large animal models of bTBI utilize chemical explosives as their shockwave source while
small animal models predominantly utilize compressed air-driven membrane rupture as their shockwave source. We
previously designed and built a multi-mode shock tube capable of utilizing air-driven membrane rupture or chemical
explosives (oxyhydrogen: A 2:1 mixture of hydrogen and oxygen gasses to produce a shockwave. Compressed air-
driven shockwaves exhibited longer duration positive phases than compressed oxyhydrogen-driven shockwaves of
similar peak overpressure. The longer duration of compressed air-driven shockwaves results in greater energy being
imparted on a test subject than would be impacted by shockwaves of identical peak overpressures from the other
sources. Animals exposed to compressed air-driven shockwaves exhibited more extensive brain surface hematoma
and more blood-brain barrier compromise than did animals exposed to oxyhydrogen-driven shockwaves of even
greater peak overpressure. Taken together, these data suggest that compressed air-driven shockwaves contain more
energy than their chemical explosive-derived counterparts of equal peak overpressure and can result in greater injury
in an experimental animal model. Additionally, these data suggest that exposure to longer duration shockwaves can
result in more severe bTBI. The results of this study are relevant to the design of blast wave mitigation technology
and future clinical intervention.

We developed and characterized a rat model of blast injury that
utilizes a multi-mode shock tube (McMillan Blast Device; MBD) to
produce shockwaves with different unique pressure-time signatures
[9]. This device can use compressed-air or other driving sources
including oxyhydrogen to produce a blast wave. The relatively long
overpressure durations produced by 4] are similar to those resulting
from exposure at a distance from a huge chemical explosion (>20,000
kg TNT) or nuclear blast [10,11]. In contrast, the shorter overpressure
duration produced using oxyhydrogen as the driving source closely
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Introduction

Secondary injury mechanisms associated with TBI pathology are
often a significant source of damage and dysfunction in addition to the
primary mechanical trauma. One significant consequence of sustaining
a TBI is vascular damage. Physical disruption of brain vasculature can

lead to hematoma and hemorrhage within the cranial vault.

Vasogenic edema caused by compromise to the blood-brain
barrier (BBB) giving rise to leaky blood vessels following TBI often
leads to significant accumulation of extravasated fluid within the
brain parenchyma [1]. Further edema through a vasogenic response to
cytotoxic mechanisms leads to a cyclical downward progression of the
injured brain’s ability to recover [2]. Regional changes in blood flow
and changes in blood-brain barrier permeability have been reported in
rodent models of diffuse [3-5] and focal [6] models of traumatic brain
injury. Current treatments are aimed at reducing intracranial pressure
and, thus, increasing cerebral perfusion pressure and breaking the cycle
of edema, however these treatments work through reducing osmotic
pressure and do not treat the source of the BBB problem. Nevertheless,
it is important to determine the contribution of BBB compromise in
models of traumatic brain injury.

Reported peak pressures necessary to produce blast injury have
varied greatly from 20 kPa [7] for whole-body exposure to 20,000 kPa
for direct brain exposure to shockwaves [8]. These reports suggest that
it is not simply the magnitude of blast overpressure, but also additional
components of the blast shockwave that contribute to the resultant
brain injury.

resembles the blast wave produced by produced by plastic explosives
and stacked artillery shells typical of IEDs [9].

Using the MBD, we are able to compare results obtained using
compressed-air driven and oxyhydrogen driven blast shock waves.
Moreover, the design of our shock tube satisfies criteria outlined by
Bell [12] for modeling bTBI in animals. Placing the animal within
the shock tube is optimal for simulating primary blast injury [13,14].
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Placing the rat within a Kevlar vest and then within a smaller steel tube
with the head exposed also protects internal organs, as determined by
necropsy following blast exposure [9]. Following the observation by
Goldstein and colleagues that blast waves can cause rotational head
oscillations which may contribute to the brain injury [15], we used high
speed video to record head movement during blast exposure. Although
the angle and velocity of head rotation did not differ between the two
blast sources, the results support the possible contribution of a tertiary
(hyperacceleration and head rotation) mechanism to the brain injury
in addition to the primary blast injury resulting directly from the blast
shock wave.

In the initial characterization of this device, we reported that
rats exposed to compressed-air driven blasts appeared to exhibit
more prominent vascular damage than was observed following
oxyhydrogen-driven blasts of similar peak overpressures, based on
gross pathology [9]. In the present study, we examined the brains of rats
exposed to compressed air-driven shockwaves of 175 kPa peak target
overpressure and oxyhydrogen-driven shockwaves of 250 kPa peak
target overpressure for evidence of blood brain-barrier compromise at
3 hours post blast exposure. This 5 time point was chosen to coincide
with the time at which maximal IgG extravasation has been reported to
occur in other models of blast-induced traumatic brain injury [16,17].

We also examined extravasated IgG levels following air-driven
blast shockwaves of peak overpressures ranging from 125 to 175 kPa.
The results demonstrate that the duration of the positive phase of the
blast shockwave, in addition to peak overpressure, is an important
determinant of blast-induced brain injury.

Materials and Methods

Animals and blast shockwave exposure

All animal use procedures utilized in this study were performed in
accordance with a protocol approved by the University of Kentucky
Institutional Animal Care and Use Committee. Animals had access to
food and water ad libitum throughout the course of this study. Adult (8-
week), male Sprague-Dawley Rats (Harlan Laboratories, Indianapolis,
IN, USA) were separated into individual animal cages, sedated
(diazepam, 4 mg/kg, ip.), and transported via climate controlled
passenger van from the animal housing facility to the blast site. At
the blast site, the animals were maintained in a climate-controlled
room with adequate lighting for the duration of their time at the blast
site. Immediately prior to injury, animals were deeply anesthetized
(ketamine 60 mg/kg, xylazine 7.5 mg/kg, i.p.), fitted with a Kevlar vest,
placed within polyethylene netting (Industrial Netting, Minneapolis,
MN, USA), and loaded into the McMillan Blast Device (MBD) [9] in
the prone position with their left side facing the shockwave source.
Animals were subjected to compressed air- or oxyhydrogen-driven
blasts of 175 kPa or 250 kPa peak overpressure, respectively. Animals
were removed immediately following blast [9]. Following blast injury,
animals were returned to their individual cages with heat support
(Deltaphase Isothermal Pads, Braintree Scientific, Braintree, MA, USA)
to prevent anesthesia-induced hypothermia. Animals were maintained
in dorsal recumbency for the post-blast anesthesia period and were
periodically monitored for respiration. Cardiac activity was monitored
via thoracic palpation. Due to the fact that headache is known to occur
in humans exposed to blast, rats were weighed and given carprofen (7
mg/kg, i.p.) after blast exposure. Once recovered from anesthesia, all
animals were placed in clean individual cages and transported back to
the University of Kentucky animal facility where they remained in their
individual cages until euthanasia.

Euthanasia and tissue collection

At 3 h post injury animals were administered an overdose of
sodium pentobarbital (150 mg/kg, i.p.). This time point was chosen
based on known peak BBB opening time following other modes of
traumatic brain injury [16-18]. Once animals were deeply anesthetized,
thoracotomy was performed and animals were transcardially perfused
with 200 mL of phosphate-buffered saline (PBS) to remove blood from
the vasculature, followed by 200 mL of 4% paraformaldehyde in PBS
for initial in situ tissue fixation. Animals used for Western blot analysis
were perfused only with PBS. After perfusion, animal brains were
removed and photographed for evidence of hematoma and petechial
hemorrhage. Brains used for immunohistochemistry were placed in 4%
paraformaldehyde in PBS overnight at 4°C, followed by three days in
30% sucrose in PBS at 4°C for cryoprotection, after which they were
embedded in OCT compound and stored at -80°C until sectioning.
Brains used for Western blot analysis were separated into cerebrum
and brainstem/cerebellum sections by severing the cerebral peduncles
and brainstem-diencephalon connections. The cerebrum was further
subdivided by a midsaggital bisection creating left and right cerebrum
samples. The left and right cerebrum samples were further subdivided
into dorsal and ventral sections by horizontal cuts just ventral to
each hippocampus. These cuts resulted in four cerebrum samples for
each animal: ipsilateral ventral cortex (IVX), ipsilateral dorsal cortex
(IDX), contralateral ventral cortex (CVX), and contralateral dorsal
cortex (CDX). Brainstem (BS) and cerebellum (CBM) were separated
by severing the cerebellar peduncles. Each sample was wrapped in
aluminum foil, flash frozen in powdered dry ice, and kept frozen at
-80°C until processing for protein.

Immunohistochemistry

Brains were sectioned at 40 um thickness on a freezing stage
sliding microtome (Microm HM 440 E, Microm, Walldorf, Germany).
Sections were collected in Tris-buffered Saline (TBS). Sections
representative of four different anterior-posterior levels were matched
across animals and blocked for 1 hour in 1% horse serum in TBS and
treated in primary antibody in 1% horse serum in TBS for 1 hour at
room temperature. Antibody against immunoglobulin G (IgG, Goat
ant-Rat IgG-Biotin, 1:5,000, Jackson Immunoresearch, West Grove,
PA, USA) was diluted in TBS with 1% horse serum and applied to the
sections overnight at room temperature. Biotinylated antibody treated
slices were treated with streptavidin-conjugated horseradish peroxidase
(1:5,000, Jackson Immunoresearch). Presence of antibody reactivity
was detected via enzymatic oxidation of 3,3’-diaminobenzidine (DAB,
Jackson Immunoresearch). Following staining, slides were mounted
on to slides (Fisher SuperFrost Plust, Fisher Scientific, Waltham, MA,
USA) and mounted with Permount (Fisher Scientific) and coverslips.
Slides were imaged on an Olympus AX 80 microscope. IgG images were
analyzed using Image J software for the percentage area reactive to IgG.
Of the four anterior-posterior levels matched between all animals, the
level with the most consistent IgG staining between all animals in a
given treatment group was chosen for the Image ] analysis. Captured
images were subjected to binary isodataalgorithm threshold analysis
to quantify percent area covered by IgG immunoreactivity. Any pixel
that crossed threshold was assigned the color black and any pixel that
failed to cross threshold was assigned the color white. Percentage brain
section area positive for black pixels was recorded and averaged. Areas
counted as IgG positive and/or part of the section area but that were
part of the ventricles were subtracted from the total.

Western blotting

Frozen brain tissue was weighed, covered with 150 ul protein and
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RNA isolation buffer; (50 mM Tris, 150 mM NaCL, 1 mM EDTA,
0.5% NP-40, 0.5% Triton-X-100, 5 mM DTT, 1 table Roche complete
protease inhibitor tablet/50 ml) and allowed to thaw on ice. Thawed
tissue was chopped, placed in a dounce homogenizer with the above
buffer (2 ml per g of tissue), and homogenized by 20 passes in the
homogenizer. Resulting lysates were centrifuged at 13,200 rpm for 2
min, the supernatant collected, centrifuged again and the supernatant
collected. Protein concentrations were quantified by bicinchoninic acid
(BCA) Protein Assay (Thermo Scientific). Lysates were separated by
SDS-PAGE (10% Bis-Tris, Invitrogen) using MOPS Running Buffer
(Invitrogen), transferred to nitrocellulose membranes via semi-
dry protein transfer (Trans-Blot Turbo Transfer System, Bio-Rad,
Carlsbad, CA, USA). Membranes were blocked in Trisbuffered Saline
(TBS) containing 5% (w/v) non-fat powdered milk for one hour at room
temperature to prevent non-specific antibody-protein interaction.
Once blocked, membranes were treated with TBS containing 0.05%
Tween-20 (TTBS) and primary antibody (1:1,000, Sigma) overnight
at 4°C. Membranes were washed 3 times for 5 minutes with TTBS,
and then treated with TTBS containing the appropriate secondary
antibody conjugated to an infrared fluorphore (1:5,000, Rockland).
Following secondary antibody treatments, membranes were washed 3
times for 5 minutes with TTBS, then imaged on an Odyssey Scanner
(Li-Cor Biosciences, Lincoln, NE, USA) and analyzed for relative band
intensity on the Image Studio software (Li-Cor).

Head rotation analysis

A three-inch porthole in the blast shocktube was fitted with a
Plexiglas window. Rat head movement during the blast exposure was
recorded via high-speed (300 frames per second) video camera (Sanyo
Xacti HD 1010). Videos were analyzed by an observer who was blind to
the injury parameters. The extent of head rotation was estimated from
images based on the position of the eyes and the nose is each frame.
The velocity of head rotation was determined based on the number of
frames from the initial head movement to maximum deflection and the
frame rate of the video camera.

Statistical analysis

Data presented in Figures 3,4 was analyzed by One-Way ANOVA.
The Student Newman-Keuls post hoc analysis was selected for
comparisons between treatment groups due to its ability to protect
against both Type I and Type II statistical error. A Two-Tailed Pearson
correlation was used in combination with linear regression analysis to
examine the extent of IgG extravasation due to pressure or impulse
presented in Figure 5.

Results

Surface vessel damage and hematoma following blast
exposure

Gross examination of the brains of rats exposed to both
oxyhydrogen- and compressed air-driven shockwaves revealed
surface vessel damage (Figure 1). The brains of rats exposed to
compressed air- and oxyhydrogen-driven shockwaves exhibited large
scale hematoma and petechial hemorrhage compared to those from
sham-exposed animals. The hematomas were centered on the ventral
surface of the brain surrounding the median eminence. Hematoma
and petechial hemorrhage were evident on the ventral surface of the
brains of 5 of 6 rats exposed to compressed air-driven shockwaves,
and 3 of 6 rats exposed to oxyhydrogen-driven shockwaves (Figure 1).
While hematoma were evident on the ventral surface of the brains of

rats exposed to both modes of the MBD, these hematoma were less
extensive and the petechial hemorrhage was less evident in the brains
of oxyhydrogen-injured rats.

Histological evidence of blood-brain barrier damage
following blast exposure

In addition to gross pathological evidence of vascular compromise
due to blast, brains of rats subjected to oxyhydrogen- and compressed
air-driven shockwaves were examined for histological evidence
of blood-brain barrier compromise. Brains of rats subjected to
compressed air-driven shockwaves showed IgG staining that was
specific to the inferior cerebrum on the left side; the side first impacted
by the shockwave (Figure 2). Representative slices taken from rat
brains subjected to sham injury or to oxyhydrogen-driven shockwaves
exhibited no bilaterally asymmetric IgG staining. Periventricular and
median eminence IgG staining is normal in uninjured animals as the
blood-brain barrier is incomplete in these areas. Images presented in
Figure 2 were subjected to binary isodata-algorithm threshold analysis
(Figure 3A) to determine which areas of the images crossed threshold.
Areas determined to have crossed threshold were considered IgG
positive. Quantification of the percentage area staining positive for IgG
extravasation revealed a significant increase in IgG staining in brain
sections from animals subjected to compressed air-driven shockwaves,
but not sham- or oxyhydrogen-exposed animals (Figure 3B). Combined
with hematoma and petechial hemorrhage data presented in Figures 1
and 2, the data demonstrate that there is significant blood-brain barrier
compromise produced by compressed air-driven shockwaves that is
less extensive in animals exposed to oxyhydrogen driven shockwaves.

Shockwave energy dose response

Rats were exposed to compressed air-driven shockwaves of 125
kPa, 150 kPa, or 175 kPa peak target pressure. Western blot analysis
showed a positive trend of increasing IgG levels present in the IVX
region with increasing peak pressure (Figure 4). There was no positive
trend IgG levels with increasing pressure in either the CBM or BS
regions (Figures 4D and 4E). While sham IgG levels were relatively
constant, there was substantial variability in the IgG levels throughout
all regions sampled at all pressures (Figures 4C and 4E). The reasons for
this variability are unclear.

Sham

Oxyhydrogen (250 kPa)

Air (175 kPa)

Figure 1: Qualitative examination of vascular damage can be observed in
the images above depicting hematoma and petechial hemorrhage on the
ventral surface of brains taken at 3 hours post-injury from rats exposed to
oxyhydrogen- or compressed air-driven shockwaves. Note larger hematoma
and more extensive petechial hemorrhage (white arrows) in the brain from a
compressed air-driven shockwave-exposed rat. Images are representative of
six rats per treatment group.
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Figure 2: Histological evidence of blood-brain barrier compromise following compressed airdriven shockwave exposure. IgG extravasation can be visualized in the
inferior left (side of the shockwave source) side of the brains in 5 of 6 rats exposed to compressed air-driven shockwaves. This region specific staining is not evident
in the brains of rats exposed to sham injury or oxyhydrogen-driven shockwaves. Brain sections are each from a different animal euthanized at 3 hours post-injury and
are presented in order from least severe to most severe IgG staining. n=6 per treatment.

IgG Immunoreactivity

1
0{ T

Percent Area

1 1 1
Sham H,+0, Air
Figure 3: Quantification of IgG Immunoreactivity. (A) A section stained with anti-IlgG antibody and subjected to thresholding as described in Methods. This section
is from an animal exposed to a compressed-air driven blast, and corresponds to the third section from the left in the bottom row of Figure 2. (A). The percentage
area of the slice that was positive for IgG immunoreactivity was averaged. Brains from rats exposed to compressed air-driven shockwaves exhibited more area
immunoreactive to IgG than sham- or oxyhydrogen-driven blast-exposed rats at 3h post-injury. (B). One-way 21 ANOVA with Student Newman-Keuls post-hoc
analysis, *p<0.05, n=6 per treatment group.
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Figure 4: Blast overpressure dose-response following compressed-air driven blast exposure. (A) Representative bands from Western blots used to quantify IgG levels
in the ipsilateral ventral cortex (1VX), cerebellum (CBM), and brain stem (BS). Samples were separated by electrophoresis in an order alternative to the one presented
here to decrease inter-lane variability, however all blots shown here were imaged concurrently, and cropped to be repositioned as shown here. No other image
modifications were made. (B) Diagram showing location of cuts made to separate cerebrum into ipsilateral ventral cortex (IVX), contralateral ventral cortex (CVX),
ipsilateral dorsal cortex (IDX), and contralateral dorsal cortex (CDX). (C) Average IgG levels compared to actin levels in the IVX of animals exposed to increasing blast
overpressure. (D) Average IgG levels compared to actin levels in the CBM of animals exposed to increasing blast overpressure. €. Average IgG levels compared to
actin levels in the BS of animals exposed to increasing blast overpressure. One-way ANOVA, n=4 per treatment group.

IgG extravasation as a function of pressure or impulse

Comparison of IgG:Actin ratios as measured by Western blot
analysis revealed a positive correlation between the total amount of
IgG present in the IVX region and the amount of peak overpressure
to which individual rats were exposed (Figure 5). Additionally,
there appears to be a threshold effect at approximately 150 kPa peak
pressure. Animals exhibiting IgG:Actin ratios above 0.1 were mostly
exposed to a peak overpressure of 150 kPa or greater (Figure 5). There
was no positive correlation between the impulse to which the animals
were exposed and the IgG: Actin ratios these animals exhibited either
when considered within an individual shockwave source (Figure 5B) or
regardless of source (Figure 5D). No statistically significant relationship

between peak overpressure or impulse exposure and IgG extravasation
was found in the cerebellum or the brain stem (results not shown).

Head rotation

Head rotation due to blast was examined via high-speed (300 frames
per second) video recording of head movement during blast exposure.
Though there were significant differences between oxyhydrogen and
compressed air in both the velocity of shockwaves and the amount
of kinetic energy contained within the shockwaves [9], there was no
significant difference in the total angle through which the head moved
or in the average velocity of head movement between shockwave
sources.
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Figure 5: IVX IgG:Actin ratios as a function of peak overpressure and impulse exposure. (A) Peak blast overpressure exposure vs. IgG:Actin ratio separated by
shockwave source. There appears to be a threshold effect whereby animals exhibiting IgG:Actin ratios above 0.1 were also mostly exposed to peak overpressures of
150kPa or greater. (B) Peak blast impulse exposure vs. IgG:Actin ratio separated by shockwave source. There was no positive effect of impulse on IgG extravasation
for animals exposed to compressed air- or oxyhydrogen-driven shockwaves. (C) Peak blast overpressure exposure vs. IgG:Actin ratio. A positive correlation between
the amount of IgG as detected by Western blot analysis and the peak overpressure to which the animals were exposed was evident. (D) Peak blast impulse exposure
vs. IgG:Actin ratio. Though there was a general positive trend in the relationship between impulse and IgG extravasation, the relationship was not statistically
significant. Pearson correlation, two-tailed. n=6 or 19 (A and B) or n=25 (C and D) per treatment group.

Discussion

Hematoma has been reported in both human case studies of blast
injury [19-22] and animal models of bTBI [23]. Overt presence of
hematoma precludes a diagnosis of mild TBI [24], however the cognitive
squeal following blast exposure of magnitudes utilized in this study are
more similar to a mild injury [25,26]. Mice exposed to blasts of similar
peak overpressure exhibited mild deficits on spatial recognition tasks
and rotarod measurements of motor coordination [25]. Furthermore,
food consumption and exercise performance studies have suggested
mild behavioral changes associated with memory, motor, and
motivational activities [26]. Regardless of behavioral findings of other
researchers using blasts of similar overpressure to those utilized in
this study, the size of hematoma present in compressed air-driven
shockwave exposed animals is substantial and, when accounting
for size scale, would result in more significant behavioral deficits in
humans with hematomas of similar size. Differences in shockwave
physics between the sources used in this study could account for the
differential hematoma profile. Given the dependency of the brain on
cerebrovasculature, a disruption in the blood supply of the magnitude

that would result from hematoma of this size would cause significant
behavioral problems in individuals exposed to blast [15,27,28].

Blood-brain barrier disruption due to compressed air-driven
shockwave exposure was centered around the inferior cortex on the
side of the brain that was first impacted by blast. This contrasts to
previous studies where IgG was detected in the contralateral cortex and
cerebellum following blast injury [17,29], or equally distributed in both
hemispheres [13,30]. Some models of blast injury utilized rigid animal
holding mechanisms that could have contributed to the brain injury
through tertiary means [17,29]. In the present study, the placement
of the animals in a plastic netting allowed some movement following
blast exposure but prevented the head from 15 interacting with rigid
surfaces [9]. This mechanism does allow for some head movement
during blast exposure, resulting in the possibility that head rotation
and acceleration/deceleration contributed to the observed pathology
[15]. However, we did not observe differences in the extent or velocity
of head movement with the two blast sources.

Though we were unable to generate a dose-response effect in terms
of significantly higher amounts of IgG extravasation with increasing
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blast overpressure in the air-driven mode, IgG extravasation in the IVX
was found to positively correlate with the peak pressure to which the
animals were exposed. IgG extravasations, hematoma and petechial
hemorrhages were more exaggerated in animals exposed to compressed
air-driven shockwaves than in animals exposed to oxyhydrogen-driven
shockwaves, even though the average peak overpressure of compressed
air driven shockwaves was approximately 75 kPa lower than that of
oxyhydrogen-driven shockwaves. Taken together, these data suggest
that both peak pressure and positive phase duration play a role in the
cerebrovascular response to blast injury.

Previous studies in rats and larger animals have reported
blood-brain barrier disruptions or vascular changes following blast
overpressure [13,17,29,30] or chemical explosive-induced brain
injury [31,32], however the cerebrovascular response to shockwaves
from multiple sources with varying pressure-time signatures was not
previously examined. Overpressure durations in previous bTBI studies
vary from 0.3 ms to 52 ms [30,33,34], while overpressure durations in
the present study varied from 3.2 ms to 5.3 ms. When compared to
the vast overpressure durations reported in previous bTBI studies, our
data suggests a small increase in positive phase duration can have a
substantial impact on the cerebrovascular response.

Certain environments, such as building or vehicle enclosures,
common in battlefield situations could give rise to increased positive
phase duration exposure and could result in exacerbated injury
characteristics from a blast that may not have caused such injury in
an open environment. The findings of this study suggest that positive
phase duration should be considered when evaluating the extent and
type of brain injuries sustained due to blast. Additionally, in addition
to reducing the amount of blast pressure allowed through protective
armor, engineers and designers of blast wave mitigation technologies
may wish to consider strategies to shorten the positive phase duration
of the shockwave or to attenuate the lengthening of the positive phase
caused by reflection from solid surfaces.
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