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Abstract—Identifying the level of overpressure required to
create physiological deficits is vital to advance prevention,
diagnostic, and treatment strategies for individuals exposed
to blasts. In this study, a rodent model of primary blast
neurotrauma was employed to determine the pressure at
which acute neurological alterations occurred. Rats were
exposed to a single low intensity shock wave at a pressure of
0, 97, 117, or 153 kPa. Following exposure, rats were
assessed for acute cognitive alterations using the Morris
water maze and motor dysfunction using the horizontal
ladder test. Subsequently, histological analyses of three brain
regions (primary motor cortex, the hippocampal dentate
gyrus region, and the posteromedial cortical amygdala) were
conducted. Histological parameters included measuring the
levels of glial fibrillary acidic protein (GFAP) to identify
astrocyte activation, cleaved caspase-3 for early apoptosis
identification and Fluoro-Jade B (FJB) which labels degen-
erating neurons within the brain tissue. The results demon-
strated that an exposure to a single 117 kPa shock wave
revealed a significant change in overall neurological deficits
when compared to controls and the other pressures. The
animals showed significant alterations in water maze param-
eters and a histological increase in the number of GFAP,
caspase-3, and FJB-positive cells. It is suggested that
when exposed to a low level shock wave, there may be a
biomechanical response elicited by a specific pressure range
which can cause low level neurological deficits within the rat.
These data indicate that neurotrauma induced from a shock
wave may lead to cognitive deficits in short-term learning and
memory of rats. Additional histological evidence supports
significant and diffuse glial activation and cellular damage.
Further investigation into the biomechanical aspects of shock
wave exposure is required to elucidate this pressure range-
specific phenomenon.

Address correspondence to Pamela J. VandeVord, Department of
Biomedical Engineering, Wayne State University, 818 W. Hancock,
Detroit, MI 48201, USA. Electronic mail: pvord@wayne.edu,
dt8583@wayne.edu, dz2837@wayne.edu, du7030@wayne.edu,
cbir@wayne.edu

227

Keywords—Blast, Neurotrauma, Injury mechanism, Brain.

INTRODUCTION

Blast-related injury is currently a complex problem
for the present military and civilian populations. A
blast event consists of an explosion which produces an
associated pressure or primary blast wave that rapidly
expands as it approaches an individual. The primary
concern is the effect on the human body which varies
depending on the individual’s orientation and location
from the epicenter of the explosion. The Joint Theater
Trauma Registry reported that soldiers participating
in Operation Iraqi Freedom and Operation Enduring
Freedom (OIF/OEF) from October 2001 through
January 2005 experienced a greater proportion of head
and neck injuries as compared to other previous con-
flicts. Improvised explosive devices (IEDs) are reported
to account for 78% of injuries, the highest proportion
found for any large scale conflict.** In addition, Hoge
et al. surveyed over 2500 U.S. Army Infantry soldiers
and found that 43.9% of soldiers reported loss of
consciousness, memory problems (24.6%), concentra-
tion problems (31.4%), and irritability (56.8%).%
There is debate to the extent that blast-exposed sol-
diers are categorically different than patients suffering
from traditional blunt trauma injuries.* A victim ex-
posed to a primary blast wave may appear normal at
first but can rapidly demonstrate neurological deficits
for a period of time following the blast event.'® These
studies indicate that there are neurological alterations
sustained by individuals exposed to blast environ-
ments. However, the effect that primary blast wave has
on the central nervous system (CNS) is less understood
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as compared to other blast-related pathologies such as
lung injury.** This lack of understanding of the exact
mechanism for blast neurotrauma has caused much
debate in the scientific community. There is a strong
thrust to provide evidence on the effects of blast neu-
rotrauma. Clinically, identifying blast neurotrauma
victims who demonstrate no outward signs of injury
will lead to more effective treatments for these indi-
viduals.

There are several hypotheses proposed in the litera-
ture regarding the mechanism of how pressure waves
from blast can injure the brain. Ongoing hypotheses
include acceleration of the head and blast wave passage
either directly through the cranium or indirectly
through a pulmonary or vascular mechanism.>® 11314
While computational models have suggested that skull
flexure may contribute to blast neurotrauma,*'=*® a
recent report by Bolander ez al. provided experimental
data which demonstrated that shock wave exposure
causes a complex multimodal biomechanical response
in rats which may play a significant role in blast energy
transmission to the brain.® They established that the
intracranial pressure developed in the brain during
shock exposure correlated with skull surface strain.
Importantly, those authors note that the dependency of
the transmitted stress will be unique to the skull
dynamics of the species. Further understanding of the
level of overpressure required for developing neuro-
logical changes in animals, or a threshold for mild blast
neurotrauma, is vital to the development of mitigating
systems to protect against shock wave exposure.
Therefore, the purpose of this study was to test a series
of shock wave intensities to identify a pressure level that
causes acute neurological deficits in the rodent model.

METHODS

Animals and Testing Parameters

Male Sprague—Dawley rats (Harlan Labs, San
Diego, CA), approximately 250 g, were used in this
study. The rats were allowed to acclimate for a period
of 5 days before testing. They were handled by
researchers to help diminish fear, and were given food
and water ad [ib while being cycled on a 12-h light/dark
schedule. A testing regimen of 16 groups, each con-
taining five rats was designed. These groups each
consisted of a different combination of exposure
pressure and time to post-exposure neurocognitive
testing (Table 1). Since all animals were evaluated
within 72 h following injury, the assessments were
optimized for the detection of acute neurotrauma.
Approval of all the experiments was obtained from the
Wayne State University Institutional Animal Care and
Use Committee before testing.

TABLE 1. Test matrix indicating exposure pressures and
time in which the rats were cognitively tested following
exposure. Each group contained 5 animals.

0 kPa 97 kPa 117 kPa 153 kPa

3h 5 5 5 5
6 h 5 5 5 5
48 h 5 5 5 5
72 h 5 5 5 5

| h .’1 1
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membrane Driven ] i
chamber §
Driver Jick

- chamber

FIGURE 1. Shock wave generator located at Wayne State
University.

Shock Wave Exposure

A custom-built 0.305-m diameter shock tube (ORA
Inc., Fredericksburg, VA) located at the Wayne State
University Bioengineering Center was used for pro-
ducing the shock front and dynamic overpressure as
previously described by Leonardi er al.** (Fig. 1). In
brief, compressed helium and Mylar sheets of varying
thicknesses (GE Richards Graphics Supplies, Inc.,
Landisville, PA) were employed to obtain different
peak pressures. Pressure sensors (PCB model number
102A06 (max capacity 500 psi), Piezotronics Inc., New
York, NY) were systematically placed in the driver
sections to collect the incident (side-on) pressure within
the tube. An additional pressure sensor (PCB model
number 137A22 (max capacity 500 psi), Piezotronics
Inc., New York, NY) was placed in the platform
holding the rat to most accurately determine the level
of incident pressure the rat was exposed to. The sensor
distance was 0.0508 m in front of the rat’s head.
Pressure data were collected at 250 kHz using a DASH
HF-HS data acquisition system (Astro-med Inc,
WestWarwick, RI). Shock wave profiles were verified
through the DASH HF-HS to confirm incident pres-
sures within the shock tube (Fig. 2). Animals were
exposed to a single shock wave with an intensity of 0,
97, 117, or 153 kPa.



Mild Neurotrauma Indicates a Range-Specific Pressure Response 229

140 | t’
| T~ Wave forms side-on prior to exposure
120 | ‘,1

"~ 152kPa

100 |
80 |
60 |

40 |

Pressure (kPa)

20 |

=20 |

0.01 0.015 0.02 0.025 0.03 0.035
Time (seconds)

FIGURE 2. Examples of the pressure profiles for the incident
shock wave intensities reported from the pressure sensor just
below the animal.

Animal Testing Procedure

The rats were anesthetized with 3% isoflurane
mixed with 100% oxygen for 4 min, after which they
were weighed and placed on a nose cone with the same
percent of anesthesia for an additional period of 2 min.
During this time, the rat was placed into a custom
harness and moved approximately 1.09 m within the
tube so that the rat’s head would face the shock wave.
The rat was restrained in a custom harness located on a
sled. The purpose of the sled was so that the rat would
not be translated by the dynamic pressure of the shock
wave and of the overall gas dynamics that occur within
the shock tube, but to reduce the intensity of the
loading that the rat was exposed to. Thus, the sled
mitigates the dynamic pressure effects. The end of the
tube was made of clear Lexan so that high speed video
could be taken during the exposure. After a single
shock wave exposure, the rat was removed and the
time to awaken from anesthesia was recorded. Rats
underwent both motor assessment and cognitive test-
ing at the predetermined time point of either 3, 6, 48,
or 72 h following exposure.

Sham Exposures

Sham rats were treated in a similar manner as
the other animals except that they were not exposed to
the shock wave. The shams were then subjected to the
same battery of motor and cognitive tests that were
undertaken by the exposed rats.

Motor Coordination Testing

The horizontal ladder test was used for assessing the
motor capabilities of the rat to ambulate over a given

distance.** For this test, a horizontal ladder (0.12 m
wide by 1.27 m long) was mounted between two plat-
forms with a height of 0.762 m above the ground. The
rods on which the rat stepped on had a diameter of
0.00645 m. The distance between the rods was random
with the distances not being more than 0.0125 m apart.
The rat was placed on the end of one side of the ladder.
The rat would then travel to the other end as an escape
from being so high off the ground. Following the trial,
the rat would then rest for 3 min. A total of three trials
were applied for each rat. Performance of the rats was
recorded during the motor coordination test. Distance
traveled and the number of total slips were reported by
a manual count when reviewing the data.

Neurocognitive Testing

The Morris water maze (MWM) test was selected
for this study because of its ability to assess spatial
learning and memory in the rat. Research groups have
utilized this test because it is sensitive to cognitive
damage associated with mild brain injury.”¥*->2>*
Furthermore, a 1-day version of this test has been
reported to demonstrate deficits in spatial learning and
memory in both mice and rats.>'®!"?

A fiberglass pool (1.83 m in diameter) was filled
with water, approximately 23 °C, made opaque with
black acrylic, non-toxic paint. A platform 0.11 m in
diameter was placed in the middle of one of the four
designated quadrants, 0.02 m below the water. Data
acquisition was performed using Ethovision XT
(Noldus Information Technology Inc., Leesburg, VA),
a video tracking and analysis software. The trial time
and total distance traveled were calculated using this
software.

Following shock wave exposure and at the desig-
nated time point (Table 1), the rat was placed in one of
the three quadrants not containing the platform facing
the wall. The order of positions in which the rat was
placed in the water, facing the wall, was predetermined
to allow for consistent starting points for each rat.
After locating the platform, the rat was removed from
the pool following an association period of 10 s. Rats
that did not find the platform after the maximum trial
time of 90 s were placed on the platform for the
association period before being returned to their cages.
Rats remained in their cages for 5 min before the start
of the next trial. Each rat was subjected to four trials.

Glial Fibrillary Acidic Protein and Caspase-3
Immunostaining and Analysis

Immediately after MWM testing, all animals were
euthanized by overdose with sodium barbital (200 mg/
kg i.p.) and transcardially perfused with saline (0.9%
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sodium chloride) followed by fixative solution con-
taining 4% formaldehyde. Brains were removed and
stored in a fixative solution containing 15% sucrose.
After 48 h, the brains were placed in OCT embedding
medium and allowed to freeze on dry ice. The samples
were then cut into 40-um sections using a microtome.
In order to assess neuropathology, we utilized two
standard neurohistological parameters. Since reactive
astrocytosis occurs prominently in response to most
forms of CNS injury or disease™® and has been
reported to be increased in the hippocampus of blast-
exposed animals,>>'~7 the level of glial fibrillary acidic
protein (GFAP) was determined within the brain tissue
sections. Apoptotic cell death is a standard histological
assessment in traumatic brain injury (TBI) and was
measured by quantifying cleaved caspase-3 (Casp-3),
an indicator of early-stage apoptosis.*>* The range of
sections analyzed were bregma —2.04 mm to bregma
—4.08 mm, and the results are reported as an average
of all the sections per group. In order to gauge how
diffuse the histological response was, three areas of the
brain section were assessed: the primary motor cortex
(PMC), the hippocampal dentate gyrus region (DG),
and the posteromedial cortical amygdala (PCA). These
regions were selected as they play an important role in
cognitive and behavioral deficits observed in TBI
patients. The PMC is known to play a supporting role
when cellular injury occurs to the hippocampus. Any
damage to the PMC and the hippocampus (especially
the DG) could lead to irreversible damage and cogni-
tive impairment.'® The DG region of the hippocampus
was chosen as it is known to contain stem cells that
play a supporting role in injury repair via generation of
new neurons or astrocytes upon demand.*> The
amygdala was examined because it is considered as
the fear and anxiety center of the brain. Furthermore,
the amygdala has a prominent role on innervating
other brain regions such as basal ganglia (mainly hip-
pocampus and nucleus accumbens), motor cortex via
thalamus, and cerebellum.*®

In brief, tissue sections were first washed in phos-
phate saline buffer (PBS) and incubated in 5% gelatin-
blocking buffer. Sections were then incubated with a
primary antibody (anti-cleaved caspase-3 (Cell Sig-
naling, 1:100) or anti-GFAP (Invitrogen, 1:50)) over-
night at 4 °C. Following a PBS wash, the samples were
incubated for 1 h with secondary anti-rabbit IgG
antibodies (Vector Laboratories, Burlingame, CA).
After a PBS wash, samples were placed for 1 h in
avidin biotin conjugate (Vector Laboratories), washed
with PBS, then incubated in DAB peroxidase substrate
(Vector Laboratories) for 5 min. The samples were
cleared in xylene, air dried, and coverslipped with
Permount (Fisher Inc., Fair Lawn, NJ). Sections were
examined at 200x on a Zeiss AxioVision microscope,

and analysis was conducted with 20x magnification.
The number of GFAP + and Casp-3 + cells within the
regions of interest were counted per mm?. The Casp-3
and GFAP stainings were scored independently to
determine the correlation between individual staining
intensity and pressure magnitude.

Fluoro-Jade B (FJB) Staining and Analysis

Hippocampal sections were stained with Fluoro—
Jade B (FJB) as described by Schmued et al.> to identify
degenerating neurons. In brief, tissue sections were
incubated in the solution of 1% alkaline (NaOH) in 80%
ethanol, and then hydrated in 70% ethanol and distilled
water. The sections were then incubated in a solution of
0.006% potassium permanganate, rinsed in distilled
water, and incubated in a 0.0004% solution of FJB
(Histo-chem Inc., Jefferson, AR). Sections were then
rinsed in distilled water, air-dried, and placed on slide
warmer until they become fully dry. The dry slides were
cleared in xylene and mounted with DPX (Sigma-
Aldrich Co. Ltd, St. Louis, MO). Hippocampal sections
were examined at 200x on a Zeiss AxioVision micro-
scope, and analysis was conducted at 20x. The number
of FJB+ neurons within the DG region of the hippo-
campus was counted per mm°. FJB+ neurons were
manually counted based on the morphology, size, fluo-
rescent intensity, and location of the staining. Neurons
with less intensity of the staining were not counted.

Statistical Analysis

Analysis of total slips was completed using a two-
way analysis of variance (ANOVA) comparing the
combined effect of time point and distance. Distance,
latency, and velocity required for the rat to reach its
target during the MWM were measured. The MWM
data were averaged for trials 2-4. It was expected that
uninjured rats would be able to find the target more
efficiently and would therefore have lower average
values after the initial introduction phase (trial 1).
Comparison between the means at each time point was
achieved by ANOVA, and post-hoc comparisons of the
exposure pressures to the shams at a specific time point
were achieved by Dunnett’s test. In addition, tests for
equal variances were achieved before statistical analy-
sis to determine if ANOVA would be appropriate gi-
ven small sample sizes. Analysis of the MWM was
carried out using SAS JMP (SAS Institute, Cary, NC).
Significance was determined at (p < 0.05) and was
reported as mean =+ standard error of the mean
(SEM). Histological statistical analysis was calculated
with a two way ANOVA followed by a post-hoc LSD
test with significance achieved with (p < 0.05). Data
were reported as percent of sham =+ error percent.
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RESULTS

Horizontal Motor Coordination Test

The results for the horizontal ladder test were not
significant in determining performance differences for
rats exposed to different pressure intensities, including
shams. The number of slips between groups was not
great enough to indicate large enough differences to be
significant. The p-value of the ANOVA was 0.8255.

Morris Water Maze

Latency or the time required for the animals to find
the goal platform following exposure to 117 and
153 kPa was significantly increased (p < 0.05) over
shams. The largest effect was found 48 h after expo-
sure (Fig. 3). This indicated that the rats exposed to a
117 kPa shock wave swam the greatest distances
within the pool without achieving success, which
indicated neurological dysfunction. In addition, these
same animals were found to have an increased swim
speed as compared to all other groups (p < 0.05)
(Fig. 4). This association was only found at the 48-h
time point.

Histological Assessment
Astrocyte Reactivity Measured by GFAP Elevation

In order to validate astrocytic changes within the
brain tissue, three regions of the tissue sections were
examined for GFAP. It was found that astrocyte
reactivity was elevated at specific blast magnitudes and
specific time points. Overall, animals exposed to an
overpressure of 117 kPa had an increase of GFAP
expression throughout the time evaluated. Interest-
ingly, the level of reactivity varied between the regions,
with the PMC having the highest level of activation 3 h
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FIGURE 3. Animals were tested using a one-day Morris
water maze. Animals exposed to either a 117 or 153 kPa shock
wave took significantly longer to complete the task 48 h
following exposure as compared to the sham group (*p <.05).

following exposure (Fig. 5). While GFAP expression
remained significantly higher at six and 72 h following
exposure in the PMC (p < 0.05), the level was reduced
as compared to the early time point. Expression in the
PCA followed the same temporal expression pattern as
in the PMC, while the DG only demonstrated an early
response to the shock wave exposure. Interestingly,
there was a decrease in GFAP levels at 48 h in all
regions which may be linked with the increase of
apoptotic cells or neuronal degeneration found at 48 h.

Early-stage Apoptosis Measured by Cleaved
Caspase-3 (Casp-3)

A diffusely elevated Casp-3 expression was found as
compared to sham. Specifically, animals exposed to a
117-kPa shock wave were noted to have a high level of
cell death in all three areas of the brain examined
(p < 0.05) (Fig. 6). Peak Casp-3 expression was found
at 3 h following exposure in all regions, with the PCA
reporting the greatest level. Furthermore, PCA was
found to have significantly higher levels of Casp-3+
cells at all time points observed demonstrating a per-
sistent level of apoptosis up to 72 h following expo-
sure. In addition, it was found that the animals
exposed to 153 kPa had a delayed expression of Casp-3
in the PMC and the PCA, which became significant as
compared to sham at 72 h (p < 0.05).

Neurodegeneration Evaluated by Fluoro-Jade B (FJB)

Neuronal degeneration was evaluated in the DG to
link cognitive deficits to neuronal injury. Figures 7 and
8 depict the number of neurons degenerating per mm?
which was significantly increased after blast exposure
when compared to sham. All three pressure groups
were significantly higher than sham at 3, 48, and 72 h
following blast. The most significant elevation was
found in the 117-kPa group at 48 and 72 h (p < 0.01).
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FIGURE 4. Velocity (mm/s) of the animal’'s swim was
measured during the Morris Water Maze assessment. Animals
exposed to a 117 kPa shock wave swam significantly faster
than other groups 48 h following exposure (*p <.05).
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FIGURE 5. Astrocyte reactivity measured by GFAP expres-
sion was significantly higher in the cortex (top), DG region of
the hippocampus (middle), and amygdala (lower) of the
117 kPa group as compared to sham (*p<0.05).

The two-way ANOVA indicated that pressure (p <
0.001), and combined pressure and time point (p <
0.001), resulted in significant differences where time
point (p = 0.8689) did not.

DISCUSSION

A thrust for advanced research efforts to understand
the injury mechanisms and subsequent pathophysiol-
ogy of blast neurotrauma are underway. The current
study was conducted to determine an overpressure
injury threshold for mild blast neurotrauma based on
neurocognitive and histological changes in the rodent
model. Based on the combination of cognitive and
histological data, it was demonstrated that learning
and memory impairment after shock wave exposure
may be associated with cellular injury and death in key
brain regions that initiate and support cognitive func-
tions. Kamnaksh er al.®® found similar levels of ele-
vated GFAP and apoptosis within the amygdala,
hippocampus, and prefrontal cortex of rats exposed to
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FIGURE 6. There was a significant increase in the number of
apoptotic cells measured by cleaved caspase-3 positive
(casp+) cells in the cortex (top), DG region of the hippocam-
pus (middle), and amygdala (lower) of the 117 kPa group over
sham (*p<0.05).
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FIGURE 7. The number of degenerating neurons within the
DG was measured by Fluor-Jade B (FJB) positive cells. All
animals exposed to a shock wave demonstrated a signifi-
cantly higher number of FJB positive cells as compared to
sham animals (*p < 0.02, **p < 0.005).

mild blast overpressure. While the motor cortex has a
fundamental function of controlling movements,
evidence is now emerging that cortical areas play a
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FIGURE 8. FJB positive cells are observed in the DG following exposure to blast. In control animals, there is minimal FJB positive
cells (a, 200x), as compared to animals at 6 (b, 200x) and 48 h (c, 200x) post blast exposure. Specific staining is highlighted in the
subgranular zone and inner layer of the DG at 48-h post exposure (d, 400 x).

supporting role in learning and cognition.”> Fur-
thermore, learning and memory networks link the
PMC, DG, and PCA regions. Injury to the motor
cortex using the controlled cortical impact and fluid
percussion models has demonstrated significant cog-
nitive and histological deficits in animals.>'*° The DG
region of the hippocampus is where neurogenesis is
known to occur throughout adulthood and is associ-
ated with cognition and behavior.”>** Neurogenesis
helps in the development of the working, spatial, and
learning memories. There are many factors that can
influence the regulation of the neurogenesis process,
including brain trauma, stress, and aging.!”**%
Degeneration of these neural progenitor cells could be
a contributing factor of the cognitive issues associated
with blast-induced neurotrauma. We found degener-
ating neurons mainly in the subgranular zone and
inner layer of the DG. This could contribute to the
memory impairment associated with short-term mem-

ry.3*3%40 Similar results have been reported within
the various rodent models of impact-related TBI in

which the process of neurogenesis was significantly
down regulated after injury.'-2!?#2627:4243.59 ¢ g
been shown that, using the cortical contusion model of
TBI, the DG region had the highest number of
degenerating neurons as compared to the CAl and
CA3 regions of the hippocampus.! Using the Mar-
marou model of TBI, others have demonstrated an
association between neuronal degeneration in the
hippocampus with cognitive deficits using the Morris
Water Maze within 72 h following injury.''>-*¢
Moreover, animals which have a specific lesion in the
DG alone demonstrate a strong correlation between
DG cell density and poor performance in the working
memory task.>*

Studies investigating the link between the hippo-
campus and the amygdala to cognitive development
and repair are well documented.*’*® While TBI studies
have shown there is significant down regulation of
neurogenesis in the DG, anxiety-related studies and
cellular stress on the amygdala have also been shown
to cause a decrease of neurogenesis.>® Neurogenesis is
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believed to occur as a compensatory mechanism for
injury repair in the hippocampus and surrounding
regions. Direct and indirect neuronal signaling from
amygdala and motor cortex circuits to DG could not
only effectively increase cellular stress locally but could
also lead to decreased neurogenesis. Furthermore, the
role of motor cortex in coordination and cognitive
outcome is linked with amygdala and DG via neuro-
peptides signaling.”®> These regulatory effects inter-
linked between these regions profoundly affect
cognitive outcome. In this study, it is evident that there
is diffuse cellular injury in motor cortex, DG, and
amygdala. Clinical and experimental studies com-
monly describe histological changes in multiple regions
of the brain after closed head injuries.'*®' The extent
of cognitive deficit was able to be estimated from the
rats’ performance on the MWM. The results of this
study demonstrated that animals exposed to a 117-kPa
shock wave, notably at the 48-h time point, performed
worse overall as compared with other pressure groups
and significantly worse than sham animals. Collec-
tively, the histological and cognitive findings suggest
that cell death in cognition pathways of the brain may
lead to functional deficit after blast neurotrauma.

A unique finding with our dataset was that the mid-
range pressure exposure demonstrated to be the most
injurious, which is unusual when investigating the
concept of injury thresholds. The data indicated that a
pressure intensity of 117 kPa produced the overall
greatest neurological changes as compared to sham
animals. Furthermore, it was noted that this pressure
level was more injurious as compared with other
pressure exposure intensities. This range-specific sus-
ceptibility to mild blast injury is likely the result of a
biomechanical response of the skull to the shock wave
parameters (i.e., peak magnitude, positive impulse, rate
of pressure change, and pressure differentials). Since
the exact mechanism of cellular injury from blast is
unknown, these parameters of the blast energy need to
be evaluated. Bolander et al. studied the biomechanical
response of the rodent skull during exposure to various
shock waves.® The results indicated that a combination
of biomechanical interactions developed depending on
skull maturity and shock wave intensity. It is possible
that given the highly nonlinear viscoelastic nature of
the skull-brain interaction with the blast wave, a spe-
cific range of loading may be synchronized to generate
a more damaging profile of energy transmission. Since
the skull-brain interactions are likely to play a key role
in the blast energy transmission to the brain cells, it is
important to note that the window of vulnerability will
most likely be different for other animals and humans.
It is expected that different loading conditions will be
required to identify a similar range-specific sensitivity
to blast. In this study, deficits in both cognitive

performance and histological outcome demonstrated a
range-specific injury threshold for rodents exposed to
low-level shock waves. Further investigation of the
high-rate mechanical properties of the skull and brain
tissue will likely elucidate how shock wave energy
propagates, helping to isolate the injury mechanism of
blast neurotrauma.

CONCLUSION

While reports of blast neurotrauma are increasing,
the injury mechanism of brain trauma from blast
exposure is unknown, yet highly speculated. With im-
pact-related TBI, there is a large amount of data which
indicated that a greater magnitude of insult would be
associated with greater neuropathology. However, a
threshold for blast neurotrauma and response to
increasing intensity are still unknown. Within low-to-
moderate shock wave intensities, our data suggest a
specific range of shock wave intensity triggered an
exaggerated neuropathological response resulting in
cognitive and histological deficits. Interestingly, neu-
ronal stem cells within the DG are in various devel-
opment stages and may be more sensitive to
biomechanical and physiological stresses.?”**

ACKNOWLEDGMENTS

The authors would like to thank Samantha Staley,
James Kopacz, and Drs. Alessandra Dal Cengio Leo-
nardi, Bin Wu, and Li Mao for their technical assis-
tance. This research was partially supported by the
United States Office of Naval Research grant Award
Number N000140810585.

CONFLICT OF INTEREST

No conflicting financial interests exist.

REFERENCES

'"Anderson, K. J., K. Miller, I. Fugaccia, and S. Scheff.
Regional distribution of fluoro-jade B staining in the hip-
pocampus following traumatic brain injury. Exp. Neurol.
193:125-130, 2005.

zAng, E. T., G. Dawe, P. Wong, S. Moochhala, and Y. K.
Ng. Alterations in spatial learning and memory after
forced exercise. Brain Res. 1113(1):186-193, 2006.
’Bauman, R., G. Ling, L. Tong, A. Januszkiewicz,
D. Agoston, N. Delanerolle, J. Kim, D. Ritzel, R. Bell, J.
Ecklund, R. Armonda, F. Bandak, and S. Parks. An
introductory characterization of combat casualty care rel-
evant swine model of closed head injury resulting from



Mild Neurotrauma Indicates a Range-Specific Pressure Response 235

exposure to explosive blast. J. Neurotrauma 26:841-876,
2009.

4Belanger, H. G., T. Kretzmer, R. Yoash-Gantz, T. Pickett,
and L. Tupler. Cognitive sequelae of blast-related versus
other mechanisms of brain trauma. J. Int. Neuropsychol.
Soc. 15:1-8, 2009.

Bhattacharjee, Y. Neuroscience. Shell shock revisited:
solving the puzzle of blast trauma. Science 319:406—-408,
2008.

%Bolander, R., B. Mathie, C. Bir, D. Ritzel, and P. J.
VandeVord. Skull flexure as a contributing factor in the
mechanism of injury in the rat when exposed to a shock
wave. Ann. Biomed. Eng. Jul 7, 2011.

"Caberlotto, L., K. Fuxe, and Y. Hurd. Characterization of
NPY mRNA-expressing cells in the human brain:
co-localization with Y2 but not Y1 mRNA in the cerebral
cortex, hippocampus, amygdala, and striatum. J. Chem.
Neuroanat. 20(3—4):327-337, 2000.

8Cernak, 1., J. Savic, Z. Malicevic, G. Zunic, P. Radosevic,
1. Ivanovic, and L. Davidovic. Involvement of the central
nervous system in the general response to pulmonary blast
injury. J. Trauma 40:S100-S104, 1996.

°Cernak, I., Z. Wang, J. Jiang, X. Bian, and J. Savic.
Cognitive deficits following blast injury-induced neuro-
trauma: possible involvement of nitric oxide. Brain Inj.
15:593-612, 2001.

Ciraulo, D. L., and E. Frykberg. The surgeon and acts of
civilian terrorism: blast injuries. J. Am. Coll. Surg. 203:942—
950, 2006.

"'Clemedson, C. J., H. Hartelius, and G. Holmberg. The
effect of high explosive blast on the cerebral vascular per-
meability. Acta Pathol. Microbiol. Scand. 40:89-95, 1957.

2Colicos, M. A., C. E. Dixon, and P. K. Dash, Delayed,
selective neuronal death following experimental cortical
impact injury in rats: possible role in memory deficits. Brain

Res. 739(1-2):111-119, 1996.

13Courtney, A. C., and M. W. Courtney. A thoracic mech-
anism of mild traumatic brain injury due to blast pressure
waves. Med. Hypotheses 72(1):76-83, 2009.

YCourtney, M., and A. Courtney. Working toward exposure
thresholds for blast-induced traumatic brain injury: tho-
racic and acceleration mechanisms. Neuroimage S55-S61,
2011.

5Creed, J. A., A. DiLeonardi, D. Fox, A. Tessler, and
R. Raghupathi. Concussive brain trauma in the mouse
results in acute cognitive deficits and sustained impairment
of axonal function. J. Neurotrauma 28(4):547-563, 2011.

"“Davies, R. R., J. Hodges, J. Kril, K. Patterson, G. Halli-
day, and J. Xuereb. The pathological basis of semantic
dementia. Brain 128:1984-1995, 2005.

"Duman, R. S., J. Malberg, and S. Nakagawa. Regulation
of adult neurogenesis by psychotropic drugs and stress. J.
Pharmacol. Exp. Ther. 299:401-407, 2001.

"8Fraticelli-Torres, A. I., F. Matos-Ocasio, and K. Thomp-
son. Glutamate transporters are differentially expressed in
the hippocampus during the early stages of one-day spatial
learning task. Ethn. Dis. 20(1 Suppl 1):S1-28-32, 2010.

YFrick, K. M., E. Stillner, and J. Berger-Sweeney. Mice are
not little rats: species differences in a one-day water maze
task. Neuroreport 11(16):3461-3465, 1999.

2Fyster, J. M. Frontal lobe and cognitive development. J.
Neurocytol. 31(3-5):373-385, 2002.

21Gao, X, Y. Deng-Bryant, W. Cho, K. Carrico, E. Hall,
and J. Chen. Selective death of newborn neurons in hip-
pocampal dentate gyrus following moderate experimental

traumatic brain injury. J. Neurosci. Res. 86:2258-2270,
2008.

22Gould, E., P. Tanapat, N. Hastings, and T. Shors. Neu-
rogenesis in adulthood: a possible role in learning. Trends
Cogn. Sci. 3:186-192, 1999.

BGould, E., P. Tanapat, B. McEwen, G. Flugge, and
E. Fuchs. Proliferation of granule cell precursors in the
dentate gyrus of adult monkeys is diminished by stress.
Proc. Natl Acad. Sci. 95:3168-3171, 1998.

2Hernandez-Rabaza, V., J. Barcia, M. Llorens-Martin,
J. Trejo, and J. Canales. Spared place and object-place
learning but limited spatial working memory capacity in
rats with selective lesions of the dentate gyrus. Brain Res.
Bull. 72:315-323, 2007.

25H0ge, C. W., D. McGurk, J. Thomas, A. Cox, C. Engel,
and C. Castro. Mild traumatic brain injury in U.S. Soldiers
returning from Iraq. N. Engl. J. Med. 358:453-463, 2008.

*Hong, J., J. Cu, Y. Zhou, and J. Gao. Study on cognition
disorder and morphologic change of neurons in hippo-
campus area following traumatic brain injury in rats. Chin.
J. Traumatol. 1:36-39, 2002.

2Tyenkins, T. A., E. Amin, M. Brown, and J. Aggleton.
Changes in immediate early gene expression in the rat brain
after unilateral lesions of the hippocampus. Neuroscience
137:747-759, 2006.

BKamnaksh, A., E. Kovesdi, S. Kwon, D. Wingo,
F. Ahmed, N. Grunberg, J. B. Long, and D. Agoston.
Factors affecting blast traumatic brain injury. J. Neuro-
trauma 23, 2011.

Kesner, R. P. A behavioral analysis of dentate gyrus
function. Prog. Brain Res. 163:567-576, 2007.

30Kirby, E. D., A. Friedman, D. Covarrubias, C. Ying,
W. G. Sun, K. Goosens, R. Sapolsky, and D. Kaufe.
Basolateral amygdala regulation of adult hippocampal
neurogenesis and fear-related activation of newborn neu-
rons. Mol. Psychiatry Jun 14, 2011.

3Kline, A. E., J. Massucci, D. Marion, and C. Dixon.
Attenuation of working memory and spatial acquisition
deficits after a delayed and chronic bromocriptine treat-
ment regimen in rats subjected to traumatic brain injury by
controlled cortical impact. J. Neurotrauma 19(4):415-425,
2002.

3K uhn, H. G., H. Dickinson-Anson, and F. Gage. Neuro-
genesis in the dentate gyrus of the adult rat: age-related
decrease of neuronal progenitor proliferation. J. Neurosci.
16:2027-2033, 1996.

3Lemaire, V., M. Koehl, M. Le Moal, and D. Abrous.
Prenatal stress produces learning deficits associated with an
inhibition of neurogenesis in the hippocampus. Proc. Natl
Acad. Sci. 97(20):11032-11037, 2000.

3Leonardi, A. D., C. Bir, D. Ritzel, and P. J. VandeVord.
Intracranial pressure increases during exposure to a shock
wave. J. Neurotrauma 28(1):85-94, 2011.

3Leong, S. Y., and A. Turnley. Regulation of adult neural
precursor cell migration. Neurochem. Int. 59(3):382-393,
2011.

3L euner, B., E. Gould, and T. Shors. Is there a link between
adult neurogenesis and learning? Hippocampus 16:216-224,
2006.

*Madsen, T. M., P. Kristjansen, T. Bolwigand, and
G. Wortwein. Arrested neuronal proliferation and impaired
hippocampal function following fractionated brain irradia-
tion in the adult rat. Neuroscience 119:635-642, 2003.

38Maughan, P. H., K. Scholten, and R. Schmidt. Recovery of
water maze performance in aged versus young rats after



236 VANDEVORD et al.

brain injury with the impact acceleration model. J. Neu-
rotrauma 17:1141-1153, 2000.

¥Metz, G. A., and 1. Whishaw. Cortical and subcortical le-
sions impair skilled walking in the ladder rung walking test:
a new task to evaluate fore- and hindlimb stepping, placing,
and co-ordination. J. Neurosci. Methods 115(2):169-179,
2002.

““Mirescu, C., J. Peters, and E. Gould. Early life experience
alters response of adult neurogenesis to stress. Nat. Neu-
rosci. 7:841-846, 2004.

“'"Moss, W. C., M. King, and E. Blackman. Skull flexure
from blast waves: a new mechanism for brain injury with
implications for helmet design. Phys. Rev. Lett. 103:108702,
2009.

“Nicolle, M. M., J. Gonzalez, K. Sugaya, K. Baskerville, D.
Bryan, K. Lund, M. Gallagher, and M. McKinney. Signa-
tures of hippocampal oxidative stress in aged spatial
learning-impaired rodents. Neuroscience 107:415-431, 2001.

“Niewoehner, B., F. Single, @. Hvalby, V. Jensen, S. Meyer
zum Alten Borgloh, P. Seeburg, J. Rawlins, R. Sprengel,
and D. Bannerman. Impaired spatial working memory but
spared spatial reference memory following functional loss
of NMDA receptors in the dentate gyrus. Eur. J. Neurosci.
25:837-846, 2007.

“Owens, B. D., J. Kragh, Jr., J. Wenke, J. Macaitis, C.
Wade, and J. Holcomb. Combat wounds in operation Iraqi
Freedom and operation Enduring Freedom. J. Trauma
64:295-299, 2008.

45Payette, D. J., J. Xie, N. Shirwany, and Q. Guo. Exacer-
bation of apoptosis of cortical neurons following traumatic
brain injury in par-4 transgenic mice. Int. J. Clin. Exp.
Pathol. 1(1):44-56, 2008.

46pezze, M. A., and J. Feldon. Mesolimbic dopaminergic
pathways in fear conditioning. Prog. Neurobiol. 74(5):301—
320, 2004.

47Phelps, E. A. Human emotion and memory: interactions of
the amygdala and hippocampal complex. Curr. Opin.
Neurobiol. 14(2):198-202, 2004.

48Phelps, E. A., and J. LeDoux. Contributions of the
amygdala to emotion processing: from animal models to
human behavior. Neuron 48(2):175-187, 2005.

“Ritenour, A. E., and T. Baskin. Primary blast injury: up-
date on diagnosis and treatment. Crit. Care Med. 36:S311—
S317, 2008.

NSaatman, K. E., K. Feeko, R. Pape, and R. Raghupathi.
Differential behavioral and histopathological responses to
graded cortical impact injury in mice. J. Neurotrauma
8:1241-1253, 2006.

51Saljo, A., F. Bao, A. Hamberger, K. Haglid, and H. A.
Hansson. Exposure to short-lasting impulse noise causes
microglial and astroglial cell activation in the adult rat
brain. Pathophysiology 8:105-111, 2001.

52Saljo, A., B. Svensson, M. Mayorga, A. Hamberger, and
H. Bolouri. Low levels of blast raises intracranial pressure
and impairs cognitive function in rats. J. Neurotrauma
26:1345-1352, 2009.

33Sanes, J. N., and J. P. Donoghue. Plasticity and primary
motor cortex. Annu. Rev. Neurosci. 23:393-415, 2000.

34Schmidt, R. H., K. Scholten, and P. H. Maughan. Time
course for recovery of water maze performance and central
cholinergic innervation after fluid percussion injury. J.
Neurotrauma 16:1139—-1147, 1999.

3Schmued, L. C., C. Albertson, and W. Slikker. Fluoro-
Jade: a novel fluorochrome for the sensitive and reliable
histochemical localization of neuronal degeneration. Brain
Res. 751:37-46, 1997.

36Sofroniew, M. V. Reactive astrocytes in neural repair and
protection. Neuroscientist 11(5):400—407, 2005.

SSvetlov, S. I., V. Prima, D. Kirk, H. Gutierrez, K. C.
Curley, R. L. Hayes, and K. K. Wang. Morphologic and
biochemical characterization of brain injury in a model of
controlled blast overpressure exposure. J. Trauma
69(4):795-804, 2010.

SSTaylor, C. C., and P. A. Ford. Simulation of blast-induced
early-time intracranial wave physics leading to traumatic
brain injury. J. Biomech. Eng. 131(6):061007, 2009.

FTruettner, J. S., B. Hu, O. Alonso, H. Bramlett, K. Kok-
ame, and W. D. Dietrich. Subcellular stress response after
traumatic brain injury. J. Neurotrauma 4:599—612, 2007.

Warren, M. W., S. Larner, F. Kobeissy, C. Brezing, J. Je-
ung, R. L. Hayes, M. Gold, and K. K. Wang. Calpain and
caspase proteolytic markers co-localize with rat cortical
neurons after exposure to methamphetamine and MDMA.
Acta Neuropathol. 114(3):277-286, 2007.

Swilde, E. A, E. Bigler, J. Hunter, M. Fearing, R. Scheibel,
M. Newsome, J. Johnson, J. Bachevalier, X. Li, and H. S.
Levi. Hippocampus, amygdala, and basal ganglia mor-
phometrics in children after moderate-to-severe traumatic
brain injury. Dev. Med. Child Neurol. 49(4):294-299, 2007.

2Wurm, F., S. Keiner, A. Kunze, O. Witte, and C. Redecker.
Effects of skilled forelimb training on hippocampal neu-
rogenesis and spatial learning after focal cortical infarcts in
the adult rat brain. Stroke 38(10):2833-2840, 2007.

%Zhang, L., K. Yang, and A. King. Finite element analysis
of traumatic brain injury in the rat hippocampus. J. Bio-
mech. 39:5S163-S163, 2006.



	Mild Neurotrauma Indicates a Range-Specific Pressure Response to Low Level Shock Wave Exposure
	Abstract
	Introduction
	Methods
	Animals and Testing Parameters
	Shock Wave Exposure
	Animal Testing Procedure
	Sham Exposures
	Motor Coordination Testing
	Neurocognitive Testing
	Glial Fibrillary Acidic Protein and Caspase-3 Immunostaining and Analysis
	Fluoro-Jade B (FJB) Staining and Analysis

	Results
	Horizontal Motor Coordination Test
	Morris Water Maze
	Histological Assessment
	Astrocyte Reactivity Measured by GFAP Elevation
	Early-stage Apoptosis Measured by Cleaved Caspase-3 (Casp-3)
	Neurodegeneration Evaluated by Fluoro-Jade B (FJB)


	Discussion
	Conclusion
	Acknowledgements
	References


