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Abstract
Blast-induced traumatic brain injury (bTBI) is a common injury on

the battlefield and often results in permanent cognitive and neurologi-

cal abnormalities. We report a novel compact device that creates

graded bTBI in mice. The injury severity can be controlled by precise

pressures that mimic Friedlander shockwave curves. The mouse head

was stabilized with a head fixator, and the body was protected with a

metal shield; shockwave durations were 3 to 4 milliseconds. Reflective

shockwave peak readings at the position of the mouse head were 12 6

2.6 psi, 50 6 20.3 psi, and 100 6 33.1 psi at 100, 200, and 250 psi pre-

determined driver chamber pressures, respectively. The bTBIs of

250 psi caused 80% mortality, which decreased to 27% with the metal

shield. Brain and lung damage depended on the shockwave duration

and amplitude. Cognitive deficits were assessed using the Morris water

maze, Y-maze, and open-field tests. Pathological changes in the brain

included disruption of the blood-brain barrier, multifocal neuronal

and axonal degeneration, and reactive gliosis assessed by Evans Blue

dye extravasation, silver and Fluoro-Jade B staining, and glial fibril-

lary acidic protein immunohistochemistry, respectively. Behavioral

and pathological changes were injury severity-dependent. This mouse

bTBI model may be useful for investigating injury mechanisms and

therapeutic strategies associated with bTBI.

Key Words: Behavioral assessments, Blast injury, Edema, Neuro-

nal degeneration, Traumatic brain injury.

INTRODUCTION
Blast-induced traumatic brain injury (bTBI) causes signif-

icant morbidity to military personnel. bTBIs can be caused by
shockwaves emanating from explosions, direct injury from pro-
jectiles, acceleration/deceleration injuries, and systemic factors
such as hemorrhage, burns, or respiratory arrest. Detailed patho-
physiologic mechanisms of brain damage caused by transfer of
energy via shockwaves are still unresolved. Understanding neu-
ropathological events and molecular pathways of the bTBI
should facilitate the development of effective therapies for pa-
tients with bTBI and improve the quality of their lives (1–8).

To develop effective therapeutic strategies for bTBI, re-
liable and proper experimental models are essential (9). Cur-
rently, most experimental bTBI devices consist of a cylinder
that is closed at one end and open at the other. The cylinder is
divided into 2 compartments. The first compartment is a
closed compartment (driver chamber) within which the air
pressure can be increased. The shockwave is detonated by the
sudden release of compressed air from this compartment. The
second compartment is an open ended compartment (driven
chamber) within which animals are placed (5, 6, 10–15). A
bTBI device must generate a Friedlander wave to which the
animal is exposed. The Friedlander wave is characterized
by a positive peak that decays exponentially to ambient pres-
sure followed by a negative phase (16). The Friedlander
shockwave causes brain damage by creating a shock-bubble
effect due to an acoustic impedance mismatch (17). Brain
damage may also be produced by increased cerebrovascular
volume caused by an increase in intrathoracic pressure (18).

In recent years, genetically modified mice have been
widely used to elucidate mechanisms of brain injuries and
identify putative therapeutic targets. Although the size and
shape of the mouse brain and its susceptibility to bTBI are
very different from those of humans, studies in mice with dif-
ferent genetic backgrounds may advance our knowledge
of the pathophysiology and mechanisms of bTBI. Mouse
models have been used to study therapeutic strategies such as
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attenuation of inflammation (19–27), reduction of cellular
stress/apoptosis (28–34), and enhancement of recovery (35–
39). Mice are cost effective, easy to handle, and can be genet-
ically modified making them a unique species for bTBI re-
search (40–42).

In most experimental bTBI models, the injury severity
generated by compressed air is dependent on the structure,
strength, and thickness of the membrane placed between the
driver and driven chambers (43). In most blast injury systems,
the membranes may rupture at different pressures creating
bTBI of unpredictable magnitudes. Most blast injury devices
are large and vary in length from 6 to 68 feet (6, 10, 14, 44,
45). Here, we report the development of a novel bTBI device
that creates graded blast injuries whose intensity can be con-
trolled by precise pressures. Additionally, the size of the de-
vice is compact (blast tube length: 100 cm) and can be easily
mounted on a table.

MATERIALS AND METHODS

Animals
The studies were conducted in accordance with Guide-

lines for the Care and Use of Laboratory Animals (National
Research Council, USA) and Guidelines of the Indiana Insti-
tutional Animal Care and Use Committee. C57/BL6 mice (8
weeks old and weighing 18–20 g) were purchased from Jack-
son Laboratory (Bar Harbor, ME). Animals were housed un-
der 12-hour light and 12-hour dark conditions with food and
water available ad libitum. They were acclimated for 1 week
prior to being subjected to the blast injury. A total of 100
male mice were used in this study. Among them, 67 mice were
divided into the following groups: sham-operation (n¼ 15);
100 psi (n¼ 15); 200 psi (n¼ 15); and 250 psi (n¼ 22). An-
other 23 mice were used in a pilot study to determine the sur-
vival rate of mice subjected to 250 psi bTBI without thoracic
and nose protection.

Construction of the Blast Injury Apparatus
The dimensions of the metal blast tube were 100 cm

long, 7.1 cm wide, and 3.2 cm high (Fig. 1). A circular driver
chamber (30.25 cm2 in cross-sectional area) was connected to
a rectangular driven chamber (22.72 cm2 area). A metal frame
held the plastic membrane in an airtight manner between the
2 chambers using 8 screws. A high pressure was created with
compressed air in the driver chamber. The mechanism to pro-
duce a predetermined shockwave of a specific intensity was
determined by the air pressure differential across the mem-
brane placed between the driver and driven chambers. The air
pressure within the driver chamber was generated by a double
gauge regulator located on a nitrogen tank (Fig. 1A). When
the pressure within the driver chamber reached a predeter-
mined level, the membrane was penetrated by a sharp blade
located in the driven chamber (Fig. 1A). The blade was trig-
gered by a pneumatic cylinder (50 psi). Following the rupture
of the membrane, the shockwave was released. Air was
forced from the driver chamber into the driven chamber at the
predetermined pressure. The membrane rupture induced a blast
in the driven chamber. The shock tube sat on anti-vibration

rubber mounts (Fig. 1B). Shockwave intensities generated by 3
different pressures were calibrated using a pressure-sensor at-
tached to the mouse head fixator (Fig. 1C). The mouse head
fixator was made from stainless steel that prevented head
movement during the blast. A metal bar was attached to the
head fixator to control the position of the mouse in the driven
chamber.

In this study, the mouse was placed within the driven
chamber with the head 60 cm from the membrane. Two poly-
carbonate membranes (McMaster-Carr, Elmhurst, IL) with
thicknesses of 125 and 250 mm were utilized. The 125-mm-
thick membrane was used for the 100 psi predetermined pres-
sure; the 250-mm-thick membrane was used for the pressures
� 200 psi. The pressure for the membrane penetration system
was maintained at 50 psi with a mini-pneumatic regulator
(Gison Taichung, Taiwan). The rectangular shape of the driven
chamber provided a flat surface for the mouse, stabilized in the
head fixator.

Shockwave Measurement
Shockwaves were measured using a pressure transducer

(model 105C02, PCB Piezotronics, Depew, NY) placed on
the head fixator. Outputs from the sensor that measured
shockwave intensities (microvolts) were displayed, recorded,
and converted to psi units. The transducer was aligned to face
the shockwave that was at the same position as the mouse
head. Pressures at other locations in the driven chamber or at
different angles to the membrane were not monitored. After
membranes were ruptured, the maximum positive and nega-
tive pressures (mean 6 SD) and durations of the shockwaves
were recorded.

Safety Measurements at the Blast Site
Potential injuries to the experimental personnel were

assessed before performing these experiments. Two potential
safety issues to the experimental personnel in the vicinity of
the blast include: 1) injury from projectiles emanating from
the device, and 2) hearing damage by noise created by the
blast. To avoid projectile injuries, the opening of the driven
chamber was placed so that the open end faced a wall during
the blast. Any evidence of ejected debris was recorded.
Because the blast created a loud noise, sound level was moni-
tored in the proximity to the blast. An Amprobe SM-10
Sound Level Meter (Amprobe, Glottertal, Germany) was
placed 100 cm away from and aligned with the shock tube
opening. A sound intensity exceeding 90 dB was considered
harmful.

Blast Exposure
Animals were anesthetized with Isoflurane (2%) in a

commercial anesthesia box (Kent Scientific, Torrington, CT).
The mouse was stabilized in a holder that was placed in the
anesthesia box. After anesthesia, the mouse with the holder
was removed from the box and placed within the driven
chamber at 60 cm from the membrane while breathing room
air. The estimated time for removal of the mouse from the Iso-
flurane box, insertion into the shock chamber, and subjection
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to the blast injury was 30 seconds. This was a shorter time than
it took for control mice to regain response to pain after being
removed from the anesthesia box (approximately 60 seconds),
indicating that mice did not appreciate pain from the blast.

The animal holder was attached to a rod extending
from the posterior end of the holder. The rod was securely
immobilized in the shock chamber by clamping it to the base
of the shock tube. The mouse was centered in the shock
chamber tube. Although we did not monitor mouse head mo-
tion during the blast, the head was maintained firmly in place
by the nose cone and ear bars, and the body was fixed in the
holder. The holder and rod were rigidly attached to the base
of the shock tube; therefore, if any motion of the head oc-
curred, it would be minimal. This prevented any measurable

acceleration/deceleration motion of the head, thereby pre-
cluding damage to the brain from that motion.

Chest and Snout Protection on Animal Mortality
A high survival rate of mice exposed to shockwaves is

necessary to study bTBI mechanisms. A pilot study indicated
that a blast injury of 250 psi caused pulmonary trauma and
high mortality. Because body protection may reduce the mor-
tality rate caused by blast-induced lung injury, a nose cone
and metal shield covering the body below the neck was de-
signed to protect the lungs from barotrauma (Fig. 1D). The
shield dimension was 65 mm long, 30 mm wide and 20 mm
high. The height of the shield can be adjusted based on the

FIGURE 1. The blast injury device: basic components and mechanism of action. (A) Schematic drawing illustrates major components
of the blast injury device. A polycarbonate membrane (light blue) separates the driver chamber on the right from the driven chamber
on the left. The driver chamber can be filled with air to a predetermined pressure. The shutoff valve will be turned off when the
pressure reaches a predetermined level. The blast will be created when the membrane is perforated by pressing a switch that activates
the knife to move forward within the driven chamber and penetrate the membrane. Within the driven chamber, a mouse was
mounted on a head fixator. In the lower left corner, membranes before and after the blast are depicted. (B) A top view of the blast
injury device with the shock tube seated on an anti-vibration mount. The knife-controlling device is used to trigger membrane
perforation; the shutoff valve controls the required air pressure in the driver chamber. (C) A pressure sensor served as a phantom
attached to the head fixator to measure shockwave forces at the head location. (D) A mouse was stabilized on the head fixator, and
its body was covered by a metal protective shield to reduce pneumatic barotrauma.
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ventrodorsal size of the animal’s thorax. Properly fitted chest
shields did not affect the animal’s ability to breathe.

Behavioral Assessment
Behavioral assessment was measured using the Rotarod,

Morris water maze, Y-maze, and open field exploration tests.
These assays detect changes in neurological, cognitive, and
emotional functions, and they were performed as indicated in
the timetable (Fig. 2).

The Rotarod test measures sensorimotor function of the
animal (46). A 5-lane device (IITC Life Science Inc., Woodland
Hills, CA) consists of a metal rod and plastic drum. The width
of each lane is 3.18 cm. The Rotarod was accelerated from 1 to
30 rpm over 90 seconds, with each trial lasting for a maximum
of 120 seconds. One trial was recorded from the time the
Rotarod began turning to the point that the mouse fell off. A
baseline Rotarod test was performed on each mouse before be-
ing subjected to a bTBI. Five Rotarod tests were performed at 1,
3, and 7 days post-injury, with the average of the middle 3 trials
considered to be the Rotarod score.

The Morris water maze test is designed to assess spatial
learning and memory (47). The apparatus consists of a circu-
lar plastic pool (100 cm in diameter and 60 cm in depth) filled
with water to a depth of 30 cm. A clear Plexiglas platform
(10 cm in diameter and 29.5 cm in height) was submerged
0.5 cm below the water surface and was located in the mid-
point of 1 quadrant, which served as a hidden stage for resting
(46). Mice were placed in the pool at 1 of 4 starting positions.
In each trial, the time required to reach the platform was re-
corded. Mice that found the platform were allowed to remain
on the platform for 30 seconds and then were returned to their
home cage (inter-trial interval). Mice that did not find the
platform within 60 seconds were placed on the platform for
30 seconds. Three trials per day were conducted for 5 consec-
utive days with an inter-trial interval of 5 minutes. On day 6
following the bTBI, the platform was removed from the pool
and the trial was performed with a cutoff time of 60 seconds.
The duration that the mouse remained in the quadrant that

previously contained the platform was recorded as a percent-
age of the total time in the pool. This test was recorded by
video and analyzed by Topscan 3.0 software (Clever Sys Inc.,
Reston, VA).

The Y-maze is a neurobehavioral test used to measure
rodents’ innate tendency of exploration and spatial working
memory associated with the function of hippocampus, septum,
basal forebrain, and prefrontal cortex (48, 49). The Y-maze ap-
paratus consists of 3 opaque plastic corridors at a 120� angle to
each other. The corridor is 1.375 inches wide by 7.875 inches
long. The test was performed and videotaped in a quiet room
illuminated with red light. The mouse was introduced onto the
center of the maze and allowed to explore the corridors for
8 minutes. The number and sequence of entries into each corri-
dor was recorded. A complete corridor entry was considered
when all 4 limbs were entered. Entry into 3 different corridors
in succession (eg, ABC, BCA, CBA, or CAB arms) was con-
sidered as 1 alternation. The Y-maze score was calculated by

the formula:¼ Total number of alternations
ðTotal number of entries�2Þ � 100.

Mice were tested on days 1 and 7 after the bTBI. The
maze was cleaned with 75% ethanol after each test.

The open field exploration test was performed in a
quiet, dark room illuminated with red light on day 1 after the
bTBI. Each mouse was placed within an 8-inch square central
area within a 16-inch square Plexiglas open box with 6-inch-
high walls. The mouse was allowed to explore for 10 minutes.
During each 10-minute session, the number of times that the
mouse entered the central area was recorded. In addition, the
percent of time spent in the inner zone compared to the total
time spent in the open field was calculated (50, 51). The
mouse anxiety level correlated with a decreased duration
spent in the central field. The Plexiglas was cleaned with
75% ethanol solution between each trial.

Tissue Preparation
At day 1 post-injury, brains from 20 mice (n¼ 5/group)

were used to measure the integrity of blood-brain barrier

FIGURE 2. Experimental timeline. Mice were acclimated at 14 days before the blast injury, and baseline behavior was assessed at
7 days before injury. The blast exposure was performed at day 0. Blood-brain-barrier (BBB) leakage and Fluoro-Jade B
assessments were performed at 1 week after injury. Silver staining and glial fibrillary acidic protein (GFAP) immunostaining were
performed at 7 weeks post-injury. The Rotarod test was performed at 1, 3, and 5 days. The Morris water maze was performed
every week from week 1 to week 6. The Y maze and open filed test were performed at week 1 and week 7.
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(BBB). For Fluoro-Jade B (FJB) staining, mice (n¼ 5/group)
were also flushed with saline followed by 4% paraformalde-
hyde (PFA) perfusion. For silver staining and glial fibrillary
acidic protein (GFAP) immunohistochemistry staining, mice
(n¼ 5/group) were killed at day 7 post-injury by flushing
with sodium cacodylate buffer (8 g NaCl, 4 g dextrose, 8 g su-
crose, 0.23 g CaCl2, and 0.34 g sodium cacodylate per 1,000 ml
H2O) followed by 4% PFA in cacodylate buffer. The harvested
brains were post-fixed in the same fixative overnight.

Brain Tissue Water Content and BBB Assays
The BBB assay measures changes in vascular perme-

ability (52, 53). Twenty-four hours following bTBI, mice
(n¼ 5/group) were anesthetized, and a 33-gauge needle was
inserted into the left jugular vein and Evans Blue ([EB] 2%)
in saline (4 ll/g of body weight) was slowly injected. Four
hours later the dye was washed out of the vascular system
with 30 ml of cold saline prior to death. Mice were then killed,
and their brains were removed and evaluated for Evans Blue ex-
travasation. The water content of collected brain tissue was
measured using the wet/dry weight method (54, 55). The wet
weight (WW) of the brain tissue was measured immediately af-
ter dissection and then dried at 56�C for 2 days to record the dry
weight (DW). The percentage of water content of brain was cal-
culated using the equation: ½ðWW� DW=WWÞ��100. The
dried brain was immersed in formamide (4 ml/g of brain tissue)
and incubated at 56�C for 2 days to allow for extraction of EB
into a solvent. The EB content was measured with a spectropho-
tometer at a wavelength of 620 nm. Each sample absorbance
value was measured 3 times and converted into the actual value
in EB/brain (mg/g) using a standard pre-calibrated concentration
curve.

FJB Staining
FJB staining assesses degenerative neuronal and axonal

changes in the brain (56, 57). FBJ staining was prepared by
incubating brain sections in a 1% alkaline (NaOH) and 80%
ethanol solution for 5 minutes, then hydrated in graded etha-
nol in distilled water (70, 50, 25, and 0%) for 5 minutes each
(58). Sections were incubated in 0.06% potassium permanga-
nate for 20 minutes, rinsed in distilled water for 2 minutes,
and then incubated in a 0.0004% solution of FJB (EMD Milli-
pore, Billerica, MA) for 20 minutes. Slides were rinsed in dis-
tilled water for 2 minutes and dried in air. The dried slides
were washed in xylene 2 times for approximately 2 minutes
each and mounted with DPX (Sigma-Aldrich, St. Louis, MO).

Silver Staining
After post-fixation in 4% PFA, the brains were dehy-

drated in 20% sucrose overnight. They were then embedded
in 0.5% gelatin solution and cut into 50-mm-thick cryostat
sections for silver staining and 25-mm-thick sections for
GFAP immunohistochemistry. The silver staining was per-
formed using an amino-cupric silver histochemical technique
(59, 60). Briefly, brain sections were incubated in 4% PFA
for at least 1 week at 4�C. The sections were immersed into
pre-impregnation solution for 1 hour and heated to 50�C for

45 minutes and then cooled to room temperature for 2 to
3 hours. The sections were agitated for 15 to 30 seconds in ac-
etone twice and transferred into diamine-silver solution for
45 to 50 minutes. During incubation the slices were con-
stantly stirred in a diamine-silver covered container on a ro-
tating platform. The slice was placed in a reducer solution (at
32�C) for 25 minutes and gently agitated for 1 to 5 minutes.
The diamine solution was added (3 ml/100 ml) 4 times at 5-
minute intervals to affect silver impregnation. When dark
brown appeared on the slice, they were transferred into dis-
tilled water for 1 to 2 minutes. To stop the silver impregna-
tion, the sections were transferred into 0.5% glacial acetic
acid solution for 1 to 2 minutes then rinsed 3 times in water
(15, 15, and 30 minutes) and stored in dH2O overnight. On
the following day, sections were bleached in acidic ferricya-
nide solution for 20 to 60 seconds at room temperature until
they became semi-transparent. The sections were thoroughly
washed in dH2O and then transferred into a second bleaching
solution (consisting of 0.06% potassium permanganate [120 ml]
and 5% sulfuric acid [4 ml]) for 15 to 20 seconds until the sec-
tions turned pinkish-yellow with an opaque appearance. The
sections were washed in water (5 minutes x 2) and then were
stabilized in 2% sodium thiosulfate solution with light agitation.
After differentiation and stabilization, the sections were rinsed
again in water for 2 to 5 minutes, then the color was fixed in a
rapid fixer solution (Kodak AþB, 1:6 in dH2O, Fisher Scien-
tific, Waltham, MA). After the background became transparent,
the sections remained in Kodak fixer solution for 5 minutes.
Sections were washed in dH2O, incubated in a 0.5% gelatin and
80% alcohol solution for 5 minutes, and mounted on slides that
were air dried. They were then rinsed with distilled water and
dehydrated in graded ethanol solution (50%, 70%, 90%, and
100%, for 5 minutes each). After cleaning in alcohol-xylene
mixtures (1:1 and then 1:6) and pure xylene, the slices were cov-
erslipped with DPX mounting medium (Sigma-Aldrich).

GFAP Immunohistochemistry
The sections were permeabilized with 0.3% Triton X-

100, blocked with 10% goat serum, and incubated in a rab-
bit monoclonal anti-GFAP antibody (1:200, Sigma-Aldrich)
with 10% goat serum at 4�C overnight. Sections were then in-
cubated in the goat anti-rabbit FITC IgG (Jackson Immunore-
search, West Grove, PA) secondary antibody for 1 hour at
room temperature. Sections were coverslipped with Fluoro-
mount-G (Southern Biotech, Birmingham, AL).

Quantification of Degenerative Changes
Neuronal and axonal degenerative changes were exam-

ined in the brains including the primary motor cortex, corpus
callosum, and anterior commissure using an Olympus BX 60
microscope. Incidence of neuronal and axonal degeneration
in these regions was recorded by 2 investigators blinded to
the animal groups. A scale of 1 to 5 indices was used to indi-
cate the number of animals demonstrating neuronal and axo-
nal degeneration in a specific region after being subjected to
different intensities of bTBI. An incidence of 1 indicates that
degenerated neurons or axons were found in at least 1 of 5
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randomly selected 20x magnification fields in the area. An in-
cidence of 0 in a specific region means that no degenerative
changes were found in that region (41). Axons with positive
silver staining were traced using a Neurolucida system
(MicroBrightField, Inc., Colchester, VT). The numbers of de-
generative neurons in the motor cortex and positive axons in
the corpus callosum were counted as described by Turner et
al (61). Briefly, 2 slides from 1 sample were selected and a re-
gion of interest encompassing the motor cortex and corpus
callosum was observed at low power using an Olympus BX-
60 microscope and a Neurolucida system (MicroBrightField,
Inc.). The number of cells and axons, respectively, was
counted in a randomly selected field at 20x magnification
(Olympus BX60). Changes in GFAP immunoreactivity in the
motor cortex was also evaluated by counting the density of
GFAP-positive cells using software Image J in a 20x magnifi-
cation field. The ratio of the intensity value in the injury
group to the sham group was calculated and analyzed.

Statistical Analysis
Statistical analysis was performed using SPSS 21.0 for

Windows. The data are presented as mean 6 SD. All data
were analyzed by one-way or repeated-measures analyses of
variance (ANOVA) as appropriate followed by individual
Student-Neuman-Keuls test. Tukey’s post hoc test was used
for comparisons between and within groups and time points.
A p value of< 0.05 was considered significant.

RESULTS
We developed a compact bTBI device that can be eas-

ily placed on a table (Fig. 1). Following more than 1000
blasts at various intensities, debris ejection never occurred.
Nonetheless, we placed the open end of the shock tube di-
rectly toward a wall during the blasts. Noise-induced hearing
loss is determined by either the intensity (dB) or duration of
the exposure (62). The noise intensity measured 100 cm from
the source was 90 dB and was uncomfortable.

Blast Explosion Under Different Pressure
Intensities Induced Graded Shockwave Patterns

Shockwaves can be recorded in the driven chamber,
measured by force sensors. A standard shockwave includes a
sharp rise in the pressure wave followed by an immediate
negative wave, as was induced by our bTBI device (Fig. 3A).
The shockwave pattern replicated the response pattern from
explosion as described by Friedlander (63). Additionally,
shockwave intensities in our model can be predetermined to
produce different bTBI severities. For example, pressures of
100, 200, and 250 psi induced graded shockwave intensities
(Fig. 3A). The peak positive pressure in the driven chamber
increased as the blast intensity increased from 100 to 250 psi.
The reflective shockwave recordings, measured near the ani-
mal’s head were 12 6 2.6 at 100 psi, 50 6 20.3 at 200 psi,
and 100 6 33.1 at 250 psi (Fig. 3B). Each incremental in-
crease in pressure significantly raised the shockwave inten-
sity (p< 0.05). The amplitude of the Friedlander shockwave
induced by a 200 psi pressure was significantly higher than

that induced by a 100 psi (p< 0.05). Likewise, the amplitude
of the Friedlander shockwave induced by a 250 psi pressure
was significantly higher than that induced by both a 100 and
200 psi blast (p< 0.01). Shockwaves generated by this device
were 3 to 4 milliseconds long, and the positive phase of the
shockwave lasted for approximately �0.5 milliseconds.

We determined that mice subjected to the 250 psi injury
had a high mortality rate. In fact, 83% (19 of 23) mice died
immediately after the 250 psi blast injury (Fig. 4). Although
mice subjected to 100 and 200 psi blast injuries all survived
(Fig. 4C), they demonstrated several behavioral and histolog-
ical changes. Remarkably, when mice subjected to a 250 psi
were protected by a body shield (Fig. 1D), the mortality rate
decreased to 27% (7 of 26; Fig. 4C). Lung damage after
250 psi blast injury is demonstrated in Figure 4A. High-pres-
sure shockwaves to unprotected lungs may cause alveolar
over-expansion and collapse, which could be highly destruc-
tive. A body shield placed around the thorax and nose cone
protected the chest/lungs from direct damage by the shock-
wave, thereby decreasing mortality.

Blast Injury Affects Vascular Permeability and
Water Content of the Brain

Shockwaves that affect brain vasculature may be par-
tially caused by an acute increase in the thoracic pressure re-
sulting in rapid cerebral venous congestion. Figure 4B shows
a brain exposed to a 250 psi blast injury as compared to a con-
trol brain from a mouse that received no blast injury. The in-
jured brain demonstrated an increase in BBB permeability
evidenced by erythrocyte extravasation (Fig. 4B). Alterations
in the water content were analyzed by Evans Blue extravasa-
tion and brain water content. The percentages of water con-
tent of the whole brain were similar in all groups (sham
group: 77.0%; 100 psi: 77.8%; 200 psi: 77.2%; and 250 psi:
78.5%), and there were no significant differences among the
groups. However, Evans Blue extravasation showed increased
vascular permeability that was observed only in the 250 psi
blast injury group, which was significantly higher than in the
sham, 100 psi, and 200 psi groups (Fig. 4D, p< 0.05).

Behavioral Effects of bTBI
Rotarod performance improved with pre-injury training

of mice. The bTBI mice displayed minimal abnormalities of
Rotarod performance between 1 and 7 days post-injury. No
significant difference was found in Rotarod performance be-
tween the sham and all injury severity groups or between dif-
ferent injury severity groups (p> 0.05) (Fig. 5A).

Water maze performance was also improved following
pre-injury training; this was manifested by shorter escape la-
tencies in which the mouse could locate the submerged plat-
form within 5 days (Fig. 5B) and stayed in the platform-quad-
rant longer after removal of the platform on the sixth day
(Fig. 5C). The escape latency was significantly increased in
mice subjected to a 250 psi bTBI. At days 4 to 5, the latency
in the 250 psi group was significantly prolonged compared to
all other groups including the sham group (p< 0.05). There
were no differences between mice subjected to the 100 or
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FIGURE 3. Generation of graded Friedlander waveforms. (A) A standard Friedlander waveform after a blast contains a positive
peak followed by a negative phase. Shockwaves recorded in the driven chamber showed pressure-dependent amplitudes in
response to 100, 200, and 250 psi blast. (B) Different pressures in the driver chamber resulted in corresponding levels of peak
positive pressures measured in the driven chamber. Significant differences were found in peak positive pressures between the
different driver chamber pressures (*p< 0.05, 200 psi vs. 100 psi; ** p<0.01, 250 psi vs. 100 and 200 psi).

FIGURE 4. Effect of blast injury on lung damage, brain edema, and mortality. (A) Mice exposed to a 250 psi blast
experienced apnea. Hemorrhagic changes were clearly seen in a mouse subjected to a 250 psi blast without a shield
protection (right) as compared to the normal appearance of a sham control (left). (B) Gross appearance of a brain subjected
to a 250 psi blast at 24 hours (right) compared to the sham (left). The blast-injured brain demonstrates severe edema and
blood extravasation. (C) Survival rate of mice subjected to 100, 200, and 250 psi with and without body protection. It
should be noted that 83% mice died in the 250 psi group with no shield protection (250 psi-NP). The survival was
significantly improved when the body shield protection and nose cone were applied (250 psi-P). (D) Damage of blood-
brain-barrier (BBB) permeability, assessed by an increased uptake of Evans blue, was only found in the group that received
the 250 psi blast injury, as compared to the sham and 100 and 200 psi blast injury groups (*p < 0.05).
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200 psi injury and the sham group (p> 0.05) (Fig. 5B). On
the sixth day, the memory function was evaluated by record-
ing the duration that animals lingered in the platform-quad-
rant after the platform was removed. The 250 psi injury group
stayed the least time in the platform-quadrant compared to the
sham group during the whole time of 60 seconds (p< 0.05)
(Fig. 5C). There was no significant difference in speed among
the tested groups (sham: 32.54 6 5.42, 100 psi: 33.16 6 6.74,
200 psi: 32.38 6 5.97, and 250 psi: 31.95 6 5.36; p> 0.05).
The increased escape latency in mice subjected to a 250 psi
bTBI indicates a poorer function of memory and learning in
seeking the platform as compared with other groups. Because
no difference in speed was found among all groups, the shock-
wave injury likely had limited influence on locomotor func-
tion, which was also supported by the results of the Rotarod
test (Fig. 5A, B).

The Y-maze performance was severely impaired in
mice subjected to a 250 psi injury. There was a significant de-
crease in the number of times that mice entered the arms of
the Y-maze at 1 and 7 days post-injury (p< 0.05) (Fig. 5D).
The percentage of alternation also decreased on day 7 post-
injury (p< 0.05) (Fig. 5E). Y-maze scores of mice exposed to
100 and 200 psi blast injuries were not significantly different
from the sham control either in total entry or percentage of
arm alternation (p> 0.05).

In the open field test, mice subjected to all levels of blast
injuries demonstrated decreased entry into the region com-
pared to the sham animals at 1 day post-injury (p< 0.05) (Fig.
5F). Mice subjected to a 100 psi blast injury demonstrated a

shorter duration within the central square than those which re-
ceived a 200 or 250 psi injury (p< 0.05) (Fig. 5G). One week
later, no significant difference existed between all injury
groups and sham group (p< 0.05, data not shown).

Blast Injury Induced Neuronal and Axonal
Degeneration

Silver staining showed that increased blast injuries in-
duced severity-dependent neuronal and axonal degeneration
(Fig. 6A-N). In 2 selected regions of the brain, ie, the primary
motor cortex and the external capsule, silver stained degener-
ated neurons and axons were found and their numbers in-
creased when the injury severities increased (Fig. 6M-N,
p< 0.01). Widespread neuronal and axonal damage was also
observed in many other regions of the brain following a blast
injury. The Table summarizes silver stained degeneration in
different regions of the gray and white matters through 2 coro-
nal sections of the brain: anterior commissure and mid-hippo-
campus. In these regions, neural and axonal degeneration was
widely distributed including the anterior commissure, hippo-
campus, cortical gray matter, deep thalamic and basal ganglion
nuclei, internal capsule, anterior commissure, external capsule,
and the optic tract. Hippocampal degenerative changes were
found in 2 of 5 mice that were subjected to the 250 psi blast.
The extent of neuronal and axonal degeneration was slightly
higher in the animals exposed to higher intensity injuries.
Pathological characteristics of neuronal degeneration (Fig. 7A-
N) were confirmed by FJB staining (Fig. 8A-D).

FIGURE 5. Behavioral changes after blast-induced traumatic brain injury (bTBI). (A) Rotarod test showed no significant
locomotor differences among all treatment groups. (B) Morris water maze test showed a significant increase in the escape
latency in the 250 psi injury group during the 5 day test period after bTBI (*p < 0.05 vs. sham; #p < 0.05 vs. 100 or 200 psi).
(C, C1-4) Morris water maze test showed a significant decrease of time in platform-quadrant in the 250 psi group after the
platform was removed (*p < 0.05 vs. sham). (D) Y maze test showed a significant decrease in the total number of arm
entries of mice subjected to the 250 psi injuries on 1 and 7 days post injury (dpi) (p<0.05 vs. sham). (E) The percentage of
alternation in the 250 psi group was significantly decreased only on the 7th dpi (p<0.01 vs. sham). (F) Open field
exploration test showed a significant decrease in the number of central entry in all bTBI injury groups (*p < 0.05 vs. sham).
There was also a significant decrease in the number of central entries between the 100 psi and the 200 and 250 psi groups
(*p < 0.05). (G) Only the mildly injured mice (100 psi) showed a significant decrease in the percentage of time spent in the
central square (*p < 0.05 vs. sham, 200 psi or 250 psi). Error bars: standard deviation. (n) ¼ number of animals in (D-G).
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Blast Injury-Induced Reactive Astrocytosis
Following bTBI the density of GFAP-positive astrocytes

was increased and was injury severity-dependent (Fig. 8E-H).
Reactive astrocytes increased significantly within the motor
cortex in all blast injury groups as compared to the sham group
(250 psi vs. sham: p< 0.001; 200 psi vs. sham p< 0.01; 100 psi
vs. sham: p< 0.05). The degree of astrogliosis in response to
bTBI was graded and severity-dependent (250 psi vs. 100 psi,
p< 0.01; 250 psi vs. 200 psi, p< 0.05).

DISCUSSION
The bTBI studies would be optimal if performed in an

open field that imitates true conditions in the battlefield (9);

however, such an environment is not available for most re-
search institutes. Studies of the effect of shockwaves in a con-
fined space are the only choice despite the inherent shortcom-
ings or limitations such as reflective load related to the areal
occupancy of the mouse that does not reflect free field condi-
tions. In this study, we report a novel compact blast-wave in-
jury device that produces injuries by pre-determined mem-
brane rupture with predetermined pressures

A Unique Mechanism of Producing Membrane
Rupture With a Predetermined Pressure

Devices that produce experimental bTBI use com-
pressed air in which the shockwave occurs at the point the

FIGURE 6. Neuronal and axonal degenerative changes in the brain following blast-induced traumatic brain injury (b-TBI). (A-D)
Representative coronal sections of the brains showing silver staining in the sham and 3 graded bTBI groups. (E-H) In the motor
cortex, there was dose-depending severity of neuronal degeneration in animals with blast injuries. (I-L) Axonal degeneration
was found in the corpus callosum (CC) of injury groups compared to the sham. (M, N) Quantification of degenerating neurons
(*p < 0.05; **p < 0.01, M) and axons (*p < 0.01, N) in the different groups.
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membrane ruptures. The polymer membrane is subjected to a
high pressure within the driver chamber to the point of failure
(Fig. 1A). Once the membrane ruptures, air from the driver
chamber explodes into the driven chamber, generating a
shockwave. In almost all other reported bTBI devices, the
shockwave intensity that creates bTBI is dependent on the con-
sistency of the quality and thickness of the membrane (17, 40,
41). The rupture points of the membranes having the same
gauge or from the same roll may, however, differ. To reduce
variability in pressures at which the membrane ruptures, we
developed a unique mechanism of membrane perforation. In
our case, controlled membrane rupture with a predetermined
pressure in the driver chamber caused a predictable, controlled
shockwave in the driven chamber. The shockwave in the
driven chamber lasted 4 milliseconds. Shockwaves elicited by
this mechanism should be more reliable than by spontaneous
membrane rupture. Using our predetermined membrane rup-
ture mechanism, 3 magnitudes of blast injuries were produced
at 100, 200, and 250 psi. This model allows the generation of
any injury severity by controlling the predetermined blast pres-
sure within the driver chamber. Thus, this model can create
different magnitudes of blast injuries, which is useful to study
cellular and molecular mechanisms of bTBI.

Controlled Membrane Rupture With a
Predetermined Pressure Allows the Generation
of Graded Friedlander Curves

The simplest form of a blast wave has been described
and termed the Friedlander waveform (40, 64). The magnitude
of the Friedlander waveform in the driven chamber is mea-
sured by a pressure sensor, which can be influenced by its dis-
tance from the membrane and by its angle in the tubing that is

subject to various reflective waves. Because mice in our study
were all positioned facing the membrane at a fixed distance,
the sensor was placed at the same location. Friedlander trac-
ings showed incremental increases in amplitude as the blast
pressure increased from 100 to 250 psi, indicating that we were
able to generate graded pressurized shocks.

Head Stabilization and Thorax Protection of
Mice Reduce Unanticipated Injuries and Death

Uncontrollable head movements such as acceleration-
deceleration injuries during bTBI may increase the injury sever-
ity and variability. Such uncontrollable head movements could
be reduced by wrapping the mice in a mesh net (65, 66). In our
study, head movement was eliminated using a skull fixation de-
vice (Fig. 1C), which isolated the injury to solely the blast effect.
Restriction of head motion prevents acceleration-deceleration
injuries, therefore, reduces the risk of increasing the injury se-
verity. Additionally, our head fixation device allows a rapid, ef-
fective, and simple placement of the mouse into the driven
chamber during blast injury experiments.

We also found that a metal shield surrounding the thorax
and nose cone can greatly decrease the magnitude of pulmo-
nary and brain injuries and, therefore, decrease the mortality of
mice receiving severe bTBI. Similar results were reported clin-
ically using a Kevlar vest (6, 67). Protection of the lungs from
barotrauma is of value in mitigating cerebral injury following
bTBI. Without lung protection, animals survived when the
bTBI was �200 psi. However, when the pressure reached
250 psi, there was a high incidence of respiratory failure and
death, similar to what was reported by Long et al (6). A pres-
sure of 250 psi caused extensive BBB permeability. These re-
sults suggest that protection from pulmonary barotrauma using

TABLE. Incidence of Neuronal and Axonal Degeneration in the Brain Based on Silver Staining

Group (n¼ 5) Level I: Section Through the Anterior Commissure

Grey Matter White Matter

M1/M2 S1HL/FL S1BF S2 Pir MS CC CG EC AC

100 psi 4 3 4 3 1 1 3 3 2 3

200 psi 5 5 4 4 4 2 5 5 4 3

250 psi 5 5 5 4 5 3 5 5 4 3

Group (n 5 5) Level II: Section Through the Hippocampus

Grey Matter White Matter

M1/M2 S1Tr S1BF S2 Pir CC CG EC IC Opt Hippocampus

(CA2)

100 psi 3 4 3 3 3 4 4 4 3 1 0

200 psi 5 5 4 4 4 4 4 4 4 3 0

250 psi 5 5 5 5 4 5 5 4 5 4 2

AC, anterior commissure; CC, corpus callosum; CG, cingulum; EC, external capsule; IC, internal capsule; M1/M2, primary motor cortex/secondary motor cortex; MS, medial
septal nucleus; Opt: optic tract; Pir, piriform cortex; S1BF, somatosensory 1, barrel field; S1HL/FL, somatosensory 1, forelimb region/hindlimb region; S1Tr, somatosensory 1,
trunk region; S2, secondary somatosensory cortex. 1 to 5 indicates the numbers of animals demonstrating neuronal and axonal degeneration in each group after being subjected to
different intensities of blast-induced traumatic brain injury (bTBI).

Wang et al J Neuropathol Exp Neurol � Volume 75, Number 2, February 2016

192

D
ow

nloaded from
 https://academ

ic.oup.com
/jnen/article-abstract/75/2/183/1811276 by Purdue U

niversity Libraries AD
M

N
 user on 11 Septem

ber 2019



a thoracic protective shield and nose cone may ameliorate brain
damage and improve survival.

The Shockwave Duration Is Determined by the
Volume of Gas Within the Driven Chamber

In our model, shockwaves elicited in the driven cham-
ber lasted 4 milliseconds. As the pressure increased from 200
to 250 psi, the amplitude of the shockwave doubled (Fig. 3B).
The brief shockwave duration is a result of the small volume
of gas within the driver chamber. The magnitude of the blast
injury is a function of both the pressure and volume of com-
pressed gas within the driver chamber. Because of the small
volume of gas within the driver chamber, a greater pressure is
required to produce the injury (40). The present study clearly

indicates the importance of the shockwave duration in creat-
ing bTBI. Using short duration and low amplitude shock-
waves, no lung injury was observed, with only minimal corti-
cal and hippocampal injury. Our observations are similar to
those of Park et al for bTBI caused by shockwaves �200 psi
(68). Shockwaves induced by 250 psi pressure having a short
duration caused fatal lung barotrauma and distinct brain dam-
age. This phenomenon suggests that injury magnitude is
based on the amplitude as well as shockwave duration (69).
The duration of the entire shockwave that we measured was
short due to the small volume of air in the driver chamber,
which was a drawback of the model. Other models with larger
driver chambers and longer driven tubes produce longer
shockwaves. For example, Reneer et al used a blast device
that was 19 feet long, and they recorded shockwaves for 20

FIGURE 7. Silver staining demonstrates neuronal and axonal degeneration. (A, B) Representative plots of degenerative changes
shown at 2 coronal sectional levels that cut through the anterior commissure (A) and hippocampus (B) following a 250 psi blast
exposure. (C-H) At the anterior commissure level, silver staining showed degenerative changes in primary and secondary motor
cortex (M1/2, C); primary sensory cortex (S1, D), corpus callosum (CC, E), cingulum (CG, F), medial septal nucleus (MS, G), and
anterior commissure AC, (H). (I-N) At the hippocampus level, silver staining showed degenerative changes in external capsule
(EC, I); internal capsule (IC, J), CA 2 region of the hippocampus (CA2, K), dorsolateral geniculate nucleus (DLG, L), cerebral
peduncle (CP, M), and optic tract (Opt, N). Inserts in upper right corners of C-N show high magnification images of boxed areas
of corresponding images. Letters in (A) and (B) correspond to panels (C-N). Scale bars: 200 mm.
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milliseconds. In that study the magnitude of the negative pres-
sure wave was minimal and reached a peak at< 8 millisec-
onds, producing a significant brain injury (14). Clearly, both
duration and amplitude of the shockwave are key parameters
in creating and predicting the severity of bTBI. Transmission
of shockwaves through the brain and factors influencing the
energy decay are still unknown (17). Understanding these is-
sues would facilitate the development of strategies for the pre-
vention and amelioration of the effects of bTBIs.

bTBI Induced Cognitive and Emotional Changes
In the present study, cognitive abnormalities as as-

sessed by the Morris water maze were observed as pressures
increased from 100 psi to 250 psi. Cognitive functions deteri-
orated as the intensity of blast injuries increased from moder-
ate to severe (200–250 psi) with clearly identified neuronal
degenerative changes. Consistently, Y maze testing also
showed that mice with 250 psi injury lost their exploratory ca-
pability and did not recover within 1 week. Further, the spa-
tial working memory significantly declined 1 week after the
injury. The changes of cognitive function were similar to
those of previous blast brain injury studies, which were re-
lated to the shockwave intensity (40, 70, 71). However, our
study only showed that the motor dysfunction trended down-
ward but did not reach the statistically significant level as
shown in another study with an uncontrollable blast device
(40).

bTBI produced in this model is a valuable experimental
tool because it closely replicates clinical injuries seen in com-
bat trauma, in particular, cumulative effects of bTBI. Consis-
tent with previous reports (71, 72), the open-field test demon-
strated that a single blast (100 psi) temporarily resulted in a

lower exploratory behavior and a greater level of anxiety than
more severe injuries.

bTBI Induced Injury Severity-Related
Histopathological Changes

Detailed neuropathological analyses are essential for
understanding the mechanisms of bTBI (15, 65, 73). We dem-
onstrate that bTBI caused injury severity-related histopatho-
logical changes. Neuronal degeneration was detected by both
FJB staining at 24 hours and silver staining at 7 days post-in-
jury. Silver staining also detected axonal degeneration in var-
ious regions of the white matter. Additionally, increased
astrogliosis, indicated by increased GFAP immunoreactivity,
was observed at 7 days post-injury. Our findings confirm pre-
viously published work by Turner et al using a rat model
(61). Silver staining provided a very sensitive measurement
of the extent and severity of neuronal and axonal degenera-
tion at 7 days post bTBI. Neural degeneration was most
prominent in the cerebral cortex (74). We observed wide-
spread degeneration in multiple regions of the white and gray
matter. These results indicate that neural and axonal degener-
ation, as well as astrocytic activation, may be realistic targets
for neuroprotection and recovery of function. These degener-
ating neurons and axons and activated astrocytes may also be
used as markers for measuring the severity of brain damage
and repair after bTBI (Table).

In summary, a major advantage of our compact bTBI sys-
tem is its small size, which can be placed easily on a table.
Another advantage of the system is that the air pressure can be
predetermined to rupture the membrane so that injuries of differ-
ent severities may be chosen. Using such a compact bTBI de-
vice, controlled, predictable, and reproducible shockwaves to
mice were produced that induced correlative cognitive and

FIGURE 8. Neuronal degeneration and glial responses after blast-induced traumatic brain injury (bTBI). (A) Fluoro-Jade B (FJB)
staining showed the lack of staining in the sham control of the M1/2 motor cortex. (B-D) bTBI produced severity-related increase in
FJB-stained neurons at 7 days post-injury. (E-H) bTBI induced severity-related astrocytic responses in the M1/2 region at 7 days
post-injury. Reactive astrocytes show enhanced GFAP immunoreactivity, elongated processes, and enlarged cell bodies (arrows).
Scale bars: 100 mm.
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pathological changes. This model could be particularly useful
for those using genetically modified mice to study specific genes
or molecules that influence neurological and cognitive dysfunc-
tion following bTBI or to screen for putative treatments.
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