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Blast injury, often referred to as the “signature in-
jury of modern warfare,” has seen a recent surge of 
interest in response to the increased incidence of 

reported head injuries. Approximately 1 in 5 wounded sol-
diers suffers from traumatic brain injury,55 and an estimat-
ed 52% of those injuries are blast-induced neurotrauma 
(BINT).22,62 It is evident that a high proportion of veteran 
BINT victims, upon their return to civilian life, have diffi-
culty coping with the transition and maintaining relation-
ships and often suffer from posttraumatic stress disorder 
(PTSD) spectrum deficits or depression.9,11,13,27,46,51,70 Links 
between blast injury and neurodegenerative diseases such 
as chronic traumatic encephalopathy have also been dem-
onstrated.32,52 Therefore, there is an urgent need to better 
understand the mechanisms and etiology of these injuries, 
establish effective diagnostic techniques, offer early in-
tervention, improve outcomes, and reduce BINT-related 
health problems.

BINT is caused by explosive events and is divided 
into 4 injury subcategories: primary, secondary, tertiary, 
and quaternary. “Primary injury” refers solely to impact 
from a shock wave emanating from the explosion epicen-
ter. “Secondary BINT” refers to penetrating injury from 
shrapnel and other objects. “Tertiary BINT” is equivalent 
to classic “impact-acceleration” or “coup-contrecoup” 
head injuries that result from blast wind–induced head 
accelerations and blunt collisions with objects. “Quater-
nary injury” encompasses all other potentially dangerous 
elements of BINT including heat, chemical exposure, ra-
diation, and so forth. Secondary, tertiary, and quaternary 
BINTs have all been extensively studied and have well-es-
tablished mechanisms of injury; however, despite intense 
research interest, no clear picture has emerged regarding 
the mechanisms of initial injury for primary BINT or its 
subsequent pathological processes.22,23,62 This is particu-
larly true for mild BINT (mBINT) victims who usually 
lack auspicious acute motor or other neurological deficits 
and thus remain unrecognized and untreated for extended 
periods of time.13,22,16,62,64,52 Recent human studies have 
shown that even asymptomatic mBINT victims can suf-
fer significant chemical alterations that may be related to 
the delayed onset of neurological dysfunction.33,72,73 These 
findings highlight the difficulty and importance of early 
mBINT detection, indicating that missed early diagnosis 
and a subsequent lack of intervention could lead to serious 
long-term consequences. Early detection and intervention 
could potentially mitigate or prevent delayed-onset devel-
opment of significant neurological dysfunction.

To advance our knowledge in this arena, it is essential 
to have an animal model that mirrors the human condi-
tion and allows for careful interrogation of structural, 
biochemical, and behavioral phenotypes that result from 
underlying pathological mechanisms. To this end, in the 
current investigation we have established a rat model of 
primary mBINT. Injury-scaling laws between humans 
and rodents do not exist for primary BINT, nor have the 
physical parameters of blast-wave intensity (magnitude, 
duration, and so forth) proven to be the primary determi-
nants of injury severity.68,76 Therefore, it is imperative that 
any model of BINT assesses acute postblast outcomes so 
conclusions can be appropriately drawn within the con-

text of injury severity. The evidence in this paper, to our 
knowledge, represents the first effort to assign clinically 
relevant injury classification in a rodent BINT model ac-
cording to the Centers for Disease Control and Prevention 
(CDC) injury severity guidelines for humans, a measure 
necessary to achieve translational relevance.

As is common during the acute, post-mBINT exposure 
period in humans,16,64 mBINT-injured rats in our model 
lacked acute motor or short-term memory deficits in the 
days following injury. Memory and motor metrics were 
chosen because of their similarity to current common clin-
ical neurocognitive assessments for suspected brain inju-
ry. Despite the rats’ asymptomatic appearance in the acute 
posttrauma period, significant region-specific structural 
damage to the blood-brain barrier (BBB) and evidence of 
neuroinflammation was evident and detectable via con-
current local and systemic biochemical assessments. In 
particular, we detected an increase of acrolein—an estab-
lished endogenous posttraumatic neurotoxin, perpetuator 
of oxidative stress, and proinflammatory agent—in the 
days following injury. Having established and confirmed 
a mild injury model in which apparent morphological and 
biochemical injury exists despite asymptomatic behavior-
al presentation on neurocognitive assessments, we expect 
that this model will provide an effective avenue to further 
study primary mBINT injury mechanisms and pursue 
new diagnostic and therapeutic measures for mBINT.

Methods
Animal Model of Primary BINT 

All live animal procedures were conducted under ani-
mal use protocols approved by the Purdue University Ani-
mal Care and Use Committee. Animals (42 total) were 
anesthetized with a ketamine and xylazine cocktail (80 
and 10 mg/kg, respectively). After verifying the absence 
of the toe-withdrawal reflex, animals were secured in an 
open-ended, shock tube–style blast apparatus with a thin 
latex band protecting the eyes and ears and a custom acryl-
ic shield covering the body from the base of the skull to 
the tail to simulate body armor and to prevent pulmonary 
injury. Head fixation was used to eliminate confounding 
effects of tertiary blast injury (via blast wind–induced 
head acceleration) in order to study primary blast injury 
in isolation. The use of compressed gas for shock wave 
generation also allowed for the elimination of secondary 
and quaternary BINT, which result from the use of con-
ventional explosives. In concert, these measures allowed 
for the isolated investigation of primary mBINT while 
limiting systemic confounders. One-way ANOVA was 
used for all statistical analyses with p < 0.05 chosen as the 
threshold for significance.

The platform consisted of a rigid wire grid that allowed 
the blast wind and shock wave to pass freely beside the 
animal and simulate a free-field blast exposure. The blast 
chamber consisted of a custom-built stainless steel load-
ing chamber and chute bolted together with a polyethyl-
ene terephthalate (PET) membrane (McMaster-Carr) and 
O-ring sealed in between. Varying the thickness of the 
PET membrane allowed for adjustment of blast strength. 
Compressed nitrogen was used as the driver gas and was 
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delivered to the chamber via a custom-built pneumatic 
switch control. Although several exposure intensities were 
characterized, a mild, nonlethal blast was selected for the 
purposes of this study. The shock tube system is illustrated 
in Fig. 1. This model was shown to reproducibly gener-
ate blast overpressure at multiple levels ranging from 75 
to 1200 kPa by varying the distance between the chute 
opening and the probe and by varying the thickness of 
the membrane separating the driver and driven sections. A 
representative pressure recording in Fig. 1D illustrates the 
150-kPa blast level used in this study and demonstrates 
the Friedlander waveform typical of free-field shock 
waves. The shock wave intensity we used for this in vivo 
study of mild injury was chosen based on guidance from 
previous data collected using higher severity, positive con-
trol blasts (535–1200 kPa);20 comparison with literature 
describing injury/lethality curves for different overpres-
sure amplitudes and durations;8,17 and postblast evaluation 
of signs and symptoms that were verified to be consistent 
with CDC and Department of Defense (DoD) guidelines 
for mild injury. Overpressure blasts of 150 kPa are consis-
tent with existing blast investigations in rats,19,68,76,79 which 
have documented tissue and cellular changes but have not 
been studied in the context of clinical injury severity or 
biomarker-based, post-BINT screening tools.

Physical Characterization—Dynamic Pressure 
Transducers

Blast events were characterized using a DPX101–250 
dynamic pressure transducer (Omega Engineering Inc.). 
Signal acquisition was performed at 200 kHz using a 
custom LabView virtual interface (National Instruments 
Corp.). Waveforms for peak overpressure were obtained to 
verify repeatability and dosing as shown in Fig. 1D.

Behavioral Assessment of Gross Motor and Short-Term 
Memory Function

Gross motor deficits were examined by 5-minute ex-
cursion sessions in an open-field activity box as described 
by Koob et al.,41 with video feed motor metric analysis 
conducted using AnyMaze software (Stoelting Co.). Brief-
ly, the activity was evaluated for distance traveled, aver-
age speed, and maximum speed. Additionally, rats were 
evaluated for locomotion on a rotarod. The rotarod speed 
increased gradually from 0 to 30 revolutions per minute 
(rpm) over 3 minutes and remained at 30 rpm until stop-
ping at the 3-minute, 30-second mark or earlier if the rat 
fell. Criteria were developed to ensure animals were ac-
customed to the apparatus and testing before exposure. For 
pre-BINT training, the rats had to successfully complete 2 
out of 3 runs at 30 rpm (top speed). Sham-injured animals 
(anesthesia and blast noise only without shock wave ex-
posure) were examined in tandem to control for lingering 
effects of anesthesia in the acute postinjury period. Each 
motor assessment was conducted at 24 and 48 hours after 
mBINT for both blast-injured (n = 4) and sham-injured (n 
= 4) groups.

At 24 and 48 hours after mBINT, short-term memory 
was assessed through a 5-minute exposure to an object in 
an open-field activity box followed by a 30-minute rest 

period. After the rest period, animals were placed back in 
the open field with 2 objects: the original object (familiar) 
and a new object (novel). The initial and final placement of 
the object was randomized within an ANOVA-balanced, 
complete block design for both objects to eliminate effects 
of animal place preference. Time spent investigating each 
object was quantified from video recordings using Any-
Maze software for both blast-injured (n = 4) and sham-
injured (n = 4) animals. Normal function of short-term 
memory was indicated by more time spent actively inves-
tigating the novel object as compared with the familiar 
object during the second open-field excursion (after the 
rest period).5,10

Blood-Brain Barrier Integrity Assessment
BBB compromise was assessed by fluorescence mi-

croscopy of formaldehyde-fixed brain slices to quantify 
anatomical distributions of serum albumin extravasation. 
According to methods adapted from previously published 
work,37 Evans Blue (EB) dye was intraperitoneally inject-

FIG. 1. Shock wave delivery apparatus.  A: The shock tube is composed 
of a driver section (behind the diaphragm where gas is compressed) and 
a driven section (in front of the diaphragm at atmospheric pressure). For 
characterization purposes, pressure sensors were positioned within (not 
depicted) and outside the tube.  B: After the diaphragm ruptures, the 
contact surface is initially ahead of the shock wave.  C: After traveling a 
significant distance down the length of the tube, the shock wave outpac-
es the contact surface and is eventually emitted from the open end of 
the shock tube, where it strikes the head of the rat positioned a distance 
equivalent to the shock tube inner diameter for optimal blast conditions 
(same location as the depicted pressure sensor).  D: Representative 
shock wave recording exhibiting characteristics of an idealized Fried-
lander waveform with a rise time of 0.15 msec, maximum overpressure 
of 150 kPa, overpressure duration of 1.25 msec, maximum underpres-
sure of 20 kPa, and an underpressure duration of 1.25 msec. Waveform 
properties are tunable by adjusting thickness of the diaphragm and sen-
sor/subject distance from the open end of the shock tube.
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ed into rats (2 groups [sham and blast injured] of 4 ani-
mals) 3 hours before exposure to the blast and allowed to 
enter the vascular circulation. EB was dissolved in normal 
saline to produce a 3% (w/v) solution. A noticeable bluish-
gray hue in normally pink tissues served as confirmation 
of vascular EB uptake. Occasional injections of EB into 
the gut rather than the peritoneal cavity (as evidenced by 
dark blue/black feces with no noticeable blue hue in nor-
mally pink tissues) required a second dose of EB. Follow-
ing blast exposure, the animals were allowed to recover 
for 3 hours during which extravascular albumin could ac-
cumulate. Animals were then transcardially perfused with 
oxygenated Krebs solution (approximately 300 ml) until 
the perfusate ran clear and the liver and lung tissue were 
pale in color. Immediately afterwards, approximately 60 
ml of di-alkylindocarbocyanine (DiI; Life Technologies, 
Inc.) solution (0.12%) in phosphate-buffered saline (PBS)/
ethanol/glucose43 was perfused, followed by approximate-
ly 60 ml of 4% paraformaldehyde in 1× PBS. Brain tissue 
was extracted and sliced in gross sections approximately 
1.5 mm thick for postfixation overnight in 4% paraformal-
dehyde. Vibratome (Electron Microscopy Sciences) sec-
tions were cut 100–200 µm thick and placed in 12-well 
plates submerged in 1× PBS until subsequent imaging. Im-
aging was performed within 24 hours of final sectioning 
and within 48 hours following perfusion.

Laser Confocal Microscopy
Brain slices were imaged on a Zeiss LSM710 (Carl 

Zeiss) with laser line excitation at 633 nm and 514 nm 
for EB and DiI, respectively. Emission spectra detection 
parameters for EB and DiI, respectively, were 634+ nm 
and 515–632 nm. The following parameters were kept 
constant across acquisition sessions: pinhole diameter 213 
µm, dwell time 12.61 µsec, laser power (EB:DiI) 13:20, 
and gain (EB:DiI) 791:786. Image acquisition was per-
formed with the 10× objective with 0.6× zoom with tile-
scan parameters adjusted according to the slice area.

Assessment of Activated Microglia and Infiltrating 
Macrophage Neuroinflammation

Twenty-four hours after blast injury, animals (n = 6; 3 
blast-injured and 3 sham-injured rats) were killed through 
transcardial perfusion with oxygenated Krebs solution, 
following the same procedure as for the BBB integrity 
assessment. Following Krebs perfusion, 120 ml of fixa-
tive solution (4% paraformaldehyde in 1× PBS) was per-
fused. The extracted brain tissue was then postfixed for 24 
hours at 4°C followed by cryoprotection in a 30% (w/v) 
sucrose solution until sinking (2–5 days). The tissue was 
then embedded in optimal cutting temperature compound 
(OCT; Sakura Corp.) and subsequently stored at -80°C 
until processing. The embedded brains were coronally 
sectioned in 25-mm increments on a Thermo Shandon 
Cryotome FE cryostat, mounted on slides, air-dried for 2 
hours, and stored at -20°C. Slides were hydrated in 1× 
PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 
mM KH2PO4, pH 7.4) for 10 minutes, permeabilized in 
0.2% Triton X-100 for 5 minutes, and blocked in 10% nor-
mal donkey serum for 2 hours. Slides were incubated in 

goat polyclonal anti-Iba1 (1:500, Abcam Inc.) diluted in 
PBS with Tween 20 (PBST) with 1% donkey serum for 2 
hours, washed 4 times for 5 minutes with PBS, and then 
incubated with donkey anti–goat Alexa Fluor 594 (1:500, 
Jackson ImmunoResearch Laboratories Inc.) diluted in 
PBST with 1% donkey serum for 1 hour. After 4 washes 
with 1× PBS, slides were coverslipped with Prolong Gold 
Antifade Reagent (Life Technologies Inc.), allowed to dry 
for 1 hour, and stored in the dark at -20°C. Finally, fluo-
rescence imaging was performed on an Olympus (IX51) 
microscope using a Texas red filter and an Olympus (U-
HGLGPS) light source at 4× and 20× magnification.

Biochemical Assessment of Acrolein-Lysine Adduct and 
Acrolein Metabolite 3-HPMA

Changes in acrolein, a known neurotoxin, were as-
sessed in both homogenized brain tissue and excreted 
urine. Following transcardial perfusion with oxygenated 
Kreb’s solution, brain tissue was removed, and the samples 
were weighed and homogenized for assessment of acrole-
in-lysine protein adducts by dot blot analysis as previously 
described.80 Urine S-(3-hydroxypropyl)mercapturic acid 
(3-HPMA) was also collected and quantified, as described 
in the aforementioned paper. Briefly, urine was collected 
in standard metabolic collection cages prior to BINT 
and daily for 3 days following blast exposure. Urine was 
prepared using solid-phase extraction before liquid chro-
matography with tandem mass spectrometry (LC-MS/
MS) analysis based on previously published methods.26,80 
Levels of 3-HPMA were normalized to urine creatinine 
levels under the assumption of normal kidney function. 
In the healthy kidney, a steady concentration of creatinine 
in urine is observed, enabling a calibration against poten-
tially variable urine concentration. Urine samples were as-
sessed once before injury (pre–blast-injured controls) and 
then daily for 1–5 days post–blast injury (n = 5 rats total; 
each rat served as its own control).

Results
Open Field, Rotarod, and Novel Object Recognition 
Behavioral Assessments

Behavioral analysis of motor function in an open-field 
activity box at 24 and 48 hours postblast indicated no sig-
nificant deficits resulting from the blast exposure (Fig. 2). 
Analyses included average speed, maximum speed, and 
total distance traveled. No statistically significant differ-
ences were found before or after the blast in any of the 3 
assessments related to open-field activity (n = 4 animals/
group; 2 groups: blast and sham injured). 

Rotarod studies also revealed no statistical difference 
in motor function as assessed by maximum speed and to-
tal run time at 24 and 48 hours postblast (Fig. 3; n = 4/
group). Prior to injury or sham-injury, rats were trained 
with a protocol designed to ensure familiarity and ability 
to complete the full test procedure. Lack of gross motor 
deficits in the open-field and rotarod tests are consistent 
with the lack of human motoric deficits in the acute term 
after mBINT.16,64,73

The novel object recognition (NOR) test indicated both 
blast-injured (n = 4) and sham-injured (n = 4) animals 
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exhibited a normal ability to distinguish familiar objects 
(FOs) and novel objects (NOs), and their capacity to do so 
was substantially equivalent to one another at both 24 and 
48 hours postinjury with a consistent NO/FO investigation 
time ratio of approximately 2:1 (Fig. 4). Collectively, no 
significant motor or short-term memory deficits were de-
tected in the acute postinjury period, consistent with clini-
cally mBINT in humans.16,64,73

Laser Confocal Microscopy Evaluation of BBB Disruption
Confocal microscopic evaluation of tissue slices showed 

localized elevations of serum albumin in brain parenchy-
ma. Local extravasations of serum albumin were indicated 
by fluorescence emission of EB outside of the vasculature 
(Fig. 5). Regions of greatest extravasation included peri-
ventricular areas and cortical regions, but extravasation 
most consistently occurred contralateral to the dorsal in-
cident blast wave in the ventromedial areas including the 
medial forebrain bundle, olfactory tubercle, amygdala, 
and ventral pallidum—areas associated with reward cir-
cuitry29,38,69,71 and motor coordination.7,18,24 The inset in Fig. 

5D (enlarged in Fig. 5F) shows the ventromedial region 
with pronounced fluorescence in the blast-exposed ani-
mal. Note also the less pronounced, yet still elevated, fluo-
rescence around the cortical regions, which is also typical 
in blast-exposed animals. Fluorescence-level differences 
for the ventral regions (e.g., Fig. 5E and F) are quantified 
in the bar graph showing the significant difference be-
tween sham-injured and blast-exposed animals (p < 0.005, 
n = 4/group; 2 groups).

Assessment of Activated Microglia and Infiltrating 
Macrophage Neuroinflammation

Qualitative immunohistochemical assessment of micro
glial/macrophage inflammation was conducted on blast-
exposed (n = 3) and sham-injured (n = 3) animals. Rep-
resentative images of 25-µm-thick coronal sections of 
sham-injured (Fig. 6A) and injured (Fig. 6B) rat brains 
after immunofluorescent staining for the microglial/mac-
rophage marker Iba1 (red) indicate glial activation and/
or macrophage infiltration.63 All images correspond to tis-
sue from the ventral areas of interest identified in Fig. 5E 

FIG. 2. Behavioral analysis of motor function in an open-field activity box indicated no significant effects of injury group or day on 
gross motor activity at 24 or 48 hours postblast. Analyses included distance traveled (A), maximum speed (B), and average speed 
(C) (p > 0.05, Tukey-Kramer test; n = 4/group). Pre = preblast.
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and F, demonstrating colocalized microvascular damage 
at 4 hours (Fig. 5) and subsequent neuroinflammation at 
24 hours (Fig. 6) after blast exposure. Figure 6A and B is 
shown at 20× magnification with digitally zoomed insets 
(right) to highlight the characteristic amoeboid, “activat-
ed”77 morphology of Iba-1+ cells after mBINT as com-
pared with the ramified, “non-activated”77 morphology of 
Iba-1+ cells from sham-injured animals. Iba-1 stains acti-
vated microglia and infiltrating macrophages from periph-
eral blood.

Biochemical Assessment of Acrolein-Lysine Adduct and 
Acrolein Metabolite 3-HPMA

Dot blot analysis using homogenized brain tissue from 
rats sacrificed at 1 and 5 days postblast indicated signifi-

cant (p < 0.001 and p < 0.05, respectively; n = 5/group; 
3 groups) elevations in acrolein-lysine adducts compared 
with those in preblast controls (Fig. 7A). By postblast Day 
5, although still significantly elevated relative to preblast 
controls, the acrolein-lysine adducts level had significantly 
decreased (p < 0.05) relative to Day 1 (Fig. 7A). This sug-
gests that oxidative stress is elevated on a subacute times-
cale in the CNS following blast exposure. A stable acrolein 
metabolite, 3-HPMA,80 was analyzed by LC-MS/MS in 
the urine of blast-exposed animals at 24, 48, and 72 hours 
postinjury. 3-HPMA, a product of the reaction of acrolein 
and glutathione,80 showed significantly elevated levels in 
the urine at 24 and 48 hours postblast compared with lev-
els in preblast controls (p < 0.05). However, at 72 hours 
postblast, no significant difference was found as compared 
with that of preblast control animals (Fig. 7B).

Discussion
Establishment of a Clinically Relevant Rat Model of 
Primary mBINT

In a previously published conference paper,20 we ex-
plored the effects of blasts at several higher intensities, 
ranging from 535 to 1200 kPa. Although the 535-kPa in-
jury was termed relatively “mild” compared with the high-
er-intensity injuries in that study, even that intensity level 
resulted in gross brain hemorrhage, a result consistent with 
clinically severe injury in humans.16,20,64 Furthermore, the 
high rates of immediate postblast mortality and seizures 
indicated that the injury levels tested exceeded the stan-
dard for mild injury intensity.16 Despite a plethora of stud-
ies that have enhanced our understanding of primary blast 
injury biomechanics and pathophysiology, post-BINT al-
terations have yet to be studied in the context of injury 
severity, which requires assessing acute functional neu-
rological outcomes. While physical injury intensity does 
play a role, it has been documented that physical param-
eters of the blast wave alone (i.e., overpressure magnitude 
and duration) do not directly dictate injury severity and 

FIG. 3. Behavioral analysis of motor function in rotarod testing indicated no significant effects of injury group or day at 24 or 48 
hours postblast. Criteria were maximum speed (A) and total run time (B) (p > 0.05, Tukey-Kramer test; n = 4/group).

FIG. 4. Behavioral analysis of NOR indicated no significant effects of 
injury group or day on short-term memory function at 24 or 48 hours 
postblast. Both blast-exposed and sham-injured rats showed intact NOR 
with the ability to consistently distinguish NO from FO with an NO/FO 
ratio of approximately 2:1 (p > 0.05, Tukey-Kramer test; n = 4/group).

J Neurosurg  Volume 124 • March 2016680



Rat mild blast injury

cannot be the only consideration when establishing a clini-
cally relevant blast model.68,76 Due to interspecies variation 
and differing modes of blast generation between investi-
gators, postblast outcomes must be used to assess BINT 
severity and verify consistency with accepted guidelines 
within one’s own model. Our selection of the 150-kPa 
overpressure magnitude and 1.5-msec-duration blast wave 
was based on our prior work20 as well as an analysis of 
previous studies in which post-BINT neuropathological 
changes had been observed, although clinical evaluation 
of blast severity via acute postblast behavioral assessments 
had not been performed.19,68,75,76,79

The CDC and DoD classify mBINT with the follow-
ing characteristics: loss of consciousness (LOC) ≤ 30 
minutes, Glasgow Coma Scale score of 13–15 following 
LOC, posttraumatic amnesia < 24 hours, and no evidence 
of gross intracranial hemorrhage.16,64 Acute clinical evalu-

ations for brain injury commonly include neurocognitive 
assessments of short-term memory and motor function, 
for which mildly injured patients are often asymptomat-
ic and thus can remain undiagnosed for extended periods 
of time.16,64 In the present study, we have established a rat 
model of primary mBINT lacking gross hemorrhage or 
acute neuromotor and neurocognitive deficits at 24 and 
48 hours postinjury, consistent with the human mBINT 
experience.16,64 Despite an absence of apparent damage, 
mBINT-injured rats demonstrated significant biochemical 
(elevated acrolein levels) and morphological (BBB dam-
age and microglial activation) abnormalities. Although 
this damage did not confer a functional behavior change 
in any of our acute assessments, we hypothesize that these 
subtle, yet detectable, alterations may play a role in the de-
velopment of delayed-onset neuropathologies consistently 
documented in both animal and human mBINT investiga-
tions. Specifically, we have noted evidence of BBB break-
down in the ventral portion of the brain with concomitant 
neuroinflammation, as assessed by IbA-1+ cell staining of 
activated microglia and infiltrating macrophages. We also 
report significantly elevated levels of acrolein, a potent en-
dogenous posttraumatic neurotoxin48,50,67 for at least 5 days 
post-mBINT. As such, this animal model demonstrates 
that it is indeed possible to have asymptomatic mBINT 

FIG. 5. Extravasation of serum albumin analysis by EB fluorescence 
imaging indicated damage to the BBB. Control sections, that is, no 
blast exposure (A, C, and E). Blast-exposed tissue sections (B, D, and 
F). The blast-injured tissue shows elevated fluorescence that is most 
pronounced in the ventral aspects of the section. This fluorescence 
indicates the presence of extravascular serum albumin bound to EB that 
escaped vessels as a result of the blast-damaged microvasculature. 
Quantification (G) of the average fluorescence in control and blast-
exposed tissues in the ventral region of interest (E and F, enlarged 
insets in panels C and D, respectively). The fluorescence intensity in 
blast-exposed rats is significantly higher than that in sham-injured rats 
(p < 0.005, Student t-test; n = 4/group). Figure is available in color online 
only.

FIG. 6. Immunohistochemical assessment of microglial/macrophage 
activation. Representative image of 25-µm-thick coronal sections of 
sham-injured and blast-injured rat brains after immunofluorescence 
staining for the microglial/macrophage marker Iba1 (red) indicating glial 
activation or macrophage infiltration. Sham-injured sections (A). Blast-
injured tissue sections (B). All images correspond to ventral areas of 
interest from Fig. 5E and F. Digitally zoomed insets (right) highlight the 
characteristic amoeboid, “activated” morphology of Iba-1+ cells after 
mBINT (B) as compared with the stellate, “resting state” morphology of 
Iba-1+ cells in sham-injured animals (A). Bar = 10 µm (A and B) and 5 
µm (insets). Figure is available in color online only.
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presentation with underlying, yet detectable, pathological 
changes; this model also reproduces some key elements of 
recently described phenomena of subclinical brain injury 
observed in human primary mBINT,16,62,64,73 namely un-
changed performance on neuromotor and neurocognitive 
testing in the acute postinjury period.

Potential for Acrolein and 3-HPMA as Theranostic 
Biomarkers for BINT

Many biomarkers have been repeatedly tested in the 
context of BINT. The most popular candidate biomarkers 
have included serum measurement of both glial activation 
proteins (MBP, GFAP, and S100b) and proteins linked to 
neuronal damage (NF-H and NSE).2 Those biomarkers 
tested in mBINT injuries have yet to provide substantial 
evidence of diagnostic or prognostic value, largely because 
of the restrictive time windows (on the order of hours) dur-
ing which each marker’s expression significantly changes 
from baseline levels.2,73 We hypothesize that sustained ele-
vation (on the order of days) of acrolein acts as an upstream 
mediator and perpetuator of the myriad pathophysiological 
processes responsible for the development of post-mBINT 
neuropathologies. As such, we believe acrolein is a deserv-
ing target for further exploration of its role in mBINT and 
demonstrates promising diagnostic potential because of its 
sustained elevation profile postinjury.

Acrolein is endogenously produced by neurons when 
they are mechanically injured.34,50,67 Once elevated in 
CNS tissue, acrolein can wreak havoc, leading to cell 
death by directly disrupting membranes, impairing mito-
chondrial function, perpetuating oxidative stress, and in-
ducing inflammation.34,47,48 Given acrolein’s documented 
widespread toxic effects in the CNS, we postulate that it 
may be an upstream player in many of the contributing 
pathophysiological pathways to post-mBINT brain dam-

age. The connection with acrolein elevation suggests that 
primary mBINT could potentially contribute to an ar-
ray of postblast neuropathological events that acrolein is 
known to be associated with, including direct damage to 
neurons, BBB compromise, and proinflammatory cascad
es.14,35,42,45,48,50,60,67,74 We have multiple in vitro and in vivo 
studies demonstrating that acrolein is significantly elevat-
ed after traumatic neural injury.25,34,35,47,49,58,65,66 We and 
others have also demonstrated that exogenously adminis-
tered acrolein is directly toxic to neurons and a potent pro-
inflammatory agent.12,30,40,47–49,59,65,67 Furthermore, we have 
previously shown that endogenously produced acrolein is 
capable of reaching toxic levels in other rodent models of 
neural trauma (spinal cord injury).34,50,66,80 In those models 
and other studies in humans, pharmacological reduction of 
acrolein via acrolein scavengers improves structural and 
functional outcomes at the cellular and tissue levels, conse-
quently reducing postinjury neurological deficits.35,36,42,58,78

In support of its potential role in the diagnosis of 
mBINT, 1 of the acrolein-detection methods employed 
in the current study, measurement of stable 3-HPMA in 
urine, is a noninvasive approach that permits longitudinal 
monitoring of changes in acrolein levels and subsequent 
correlation to disease presence and/or progression.80 With 
this method, we demonstrated an ability to measure ac-
rolein elevation for at least 2 days post-mBINT, during 
which rats were asymptomatic on neuromotor and neuro-
cognitive testing. Previous diagnostic biomarker investiga-
tions of BINT have used protein or nucleic acid screens 
that require invasive sampling of blood or cerebrospinal 
fluid (CSF), a clinical action that would be unwarranted 
and impractical in mBINT patients who generally ap-
pear clinically normal.2,3,16,33,64 One interesting aspect of 
the diagnostic value of urine 3-HPMA levels in the pres-
ent study is that this parameter lost significance by Day 3 
postblast, while the acrolein-lysine byproduct in brain ly-

FIG. 7. Biochemical markers for tissue and cellular stress.  A: Acrolein-lysine adducts in the brain tissue at 1 (Day 1) and 5 (Day 
5) days postblast were detected via dot blot analysis. The acrolein-lysine level of both Day 1 and Day 5 are significantly elevated 
when compared with levels in preblast controls (p < 0.001 and p < 0.05, respectively, Tukey-Kramer test; n = 5 rats/group). In addi-
tion, the acrolein-lysine level of Day 1 is significantly higher than that of Day 5 (p < 0.05, Tukey-Kramer test; n = 5 rats/group).  B: 
Urine 3-HPMA detected by LC-MS/MS relative to urine creatinine content. Urine was collected for 3 days postblast, indicating sig-
nificant elevation of 3-HPMA in the first 2 days following exposure as compared with preexposure levels (p < 0.05, Tukey-Kramer 
test; n = 5 rats).
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sate remained at significantly elevated levels through Day 
5. We propose that the return to baseline levels of urine 
3-HPMA, despite ongoing local acrolein-lysine elevation 
in brain tissue, may in fact be evidence of the local en-
dogenous brain glutathione reserves becoming exhausted 
and thereby preventing reduction of the acrolein-lysine ad-
ducts, while more systemic glutathione reserves contribute 
to decreasing the 3-HPMA byproduct, as we previously 
investigated in spinal cord injury (SCI).80 This hypothesis 
is supported by the evidence that local glutathione is re-
duced following traumatic CNS injury.67 Further examina-
tion of this phenomenon is being explored. Another pos-
sible explanation for the discrepancy between tissue and 
urine acrolein levels is simple dilution. Elevated tissue ac-
rolein is diluted when entering the systemic circulation, a 
much larger volume from which to sample.80 In this sense, 
a more sensitive detection method may be able to detect 
the changes in systemic acrolein levels (via 3-HPMA) be-
yond 3 days postinjury.

Because of its implication in multiple neuropathologi-
cal processes, particularly oxidative stress28,48,50,67,74,78 and 
inflammation,4,42,53,74 acrolein could also be an effective 
upstream therapeutic target to mitigate postblast neuronal 
damage. Advantages of an acrolein sequestration approach 
for BINT treatment include a clear, identifiable molecular 
target for intervention using established evaluation meth-
ods and readily available, FDA-approved, effective acrole-
in scavengers such as hydralazine35,42 and phenelzine.78 In 
addition, because of its known neurotoxicity and the dem-
onstrated correlation between magnitude of elevation and 
injury severity in other traumatic neuropathological events 
such as SCI,35,50,80 elevated acrolein levels could potentially 
be employed as a diagnostic indication that correlates with 
the severity of post-BINT secondary injury. This is an 
avenue that merits further study and is a target of future 
investigations. We expect that an acrolein-scavenging ap-
proach is not only scientifically sensible but also practi-
cally feasible and will likely lead to the development of 
neuroprotective therapies for BINT that can be translated 
to the clinic in a timely fashion.

Blood-Brain Barrier Damage and the Potential Role of 
Acrolein

The observation of post-BINT BBB damage is consis-
tent with work by Garman et al.31 and Yeoh et al.79 In the 
current study, we show histological evidence, based on 
extravasation of serum albumin through a compromised 
BBB at 4 hours postinjury, that mBINT induces acute 
BBB disruption. Interestingly, Garman et al.31 showed 
similar contralateral (to blast) elevation in BBB perme-
ability but used a laterally impinging blast injury model. 
Both Garman et al.31 and Yeoh et al.79 recognized that a 
contralateral injury may be the result of tertiary blast ef-
fects due to insufficient head restraint (coup-contrecoup 
injury); however, as suggested by Garman et al.,31 it may 
also be attributed to skull flexure and shock wave implo-
sion around the contralateral side. In our study, with the 
rat’s head fixed in place to prevent tertiary blast effects, 
the blast struck the dorsum of the rat skull, and the area 
displaying the greatest structural injury was at the base 
(ventral side) of the brain, opposite to the incident blast 

based on our structural analysis (Fig. 5). Therefore, both 
studies (Garman et al.31 and ours) showed similar patterns 
of injury, suggesting similar biomechanics of intracranial 
tissue deformation and damage contralateral to the blast 
impact site. Indeed, similar results were also observed in 
an ex vivo neural compression study in which the highest 
density of damaged axons were located on the opposite 
side of contact.56,57 Further, our investigation revealed that 
mBINT tissue damage can occur from shock waves alone 
in the absence of head acceleration. A previous study, 
Goldstein et al. showed that head fixation eliminated post-
BINT spatial memory deficits in the Morris water maze, 
attributing them to tertiary BINT acceleration-induced ef-
fects.32 Our findings, in tandem with those of Goldstein et 
al., highlight that primary BINT in isolation can still dam-
age brain tissue despite the apparent absence of injury on 
common behavioral assessments that successfully detect a 
combination of primary plus tertiary BINT injuries. These 
observations further underscore the need for improved 
acute detection techniques.

The BBB damage profile, consistent with those of our 
colleagues, illustrates that mechanical damage does occur 
intracranially at the time of injury in this model. Since ac-
rolein is produced as a result of mechanical damage to the 
CNS, particularly neural tissue,35,50,67 it is likely that the 
mechanical stresses and strains responsible for damaging 
the BBB also traumatically deform local neural tissue, re-
sulting in consequential elevation of acrolein. Because ac-
rolein can also independently cause cellular damage,48,50,61 
including damage to lipid membranes,48,67,74 it is likely that 
acrolein elevation further worsens BBB integrity. In sum-
mary, the BBB damage is consistent with and suggests 
that upregulation of acrolein occurs as a result of direct 
mechanical damage to brain tissue resulting from BINT. 
We further suggest that elevated acrolein could exacerbate 
BBB breakdown. One critical piece of evidence supporting 
such a notion is that acrolein exposure can lead to destruc-
tion of claudin-5 (CLDN5), a critical component of BBB 
tight junctions.6,39,54 Furthermore, CLDN5 has recently 
been shown to be absent from brain microvasculature in 
the hours following BINT.1

Colocalized Alterations in Inflammatory Morphology With 
BBB Damage

Microglia are resident protectors of neural function 
that, under normal conditions, play a role in homeostasis 
and immunomodulation of local microenvironments.44 
However, when brain tissue is injured, microglia roles 
can change as they trim and/or eliminate dying neurons 
via phagocytosis.44 A major indicator of such activity is a 
structural change from a resting state ramified, dendritic 
appearance (Fig. 6A) to an activated amoeboid morphol-
ogy with retracted processes (Fig. 6B).77 Our qualitative 
neuroinflammation assessment using IbA-1 staining re-
vealed colocalized changes to amoeboid morphology and 
an increased number of IbA-1+ cells (Fig. 6) within areas 
of BBB damage (Fig. 5). This finding is consistent with 
expectations, as microglia have been documented to ac-
tivate and cluster in proximity to damaged microvessels 
as a result of leaked blood products, as is consistent with 
our results.21 It is important to note that IbA-1 stains both 
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activated microglia and infiltrating peripheral macro-
phages.63 While we cannot directly distinguish between 
the 2 cell types, peripheral macrophage infiltration has 
also recently been shown to correlate with neuronal death 
after mechanical disruption of the BBB.61 Alterations in 
inflammatory cell density and morphology serve as fur-
ther confirmation of damaged tissue and provide avenues 
for further investigation. With acrolein’s known ability to 
initiate and perpetuate proinflammatory pathways, specifi-
cally from the macrophage lineages,4,12,30,40,59 it is possible 
that sequestration of acrolein will mitigate this upregula-
tion of inflammatory activity.

Conclusions
Altogether, we have developed an animal model for 

blast injury using a compressed air chamber to deliver 
rapid, explosive-like, shock-wave exposure that isolates 
primary BINT from systemic confounders. Furthermore, 
we have verified that histological and biochemical evi-
dence of postinjury neuropathology is present in a mild 
injury consistent with established injury severity classifi-
cation guidelines from the CDC and DoD, despite a lack 
of acute gross motor or short-term memory deficits. With 
the recent report of a correlation between low-level blast 
exposure, serum and CSF biochemical changes, decreased 
neurocognitive performance, and increased self-reported 
symptoms in humans73 as well as other reports that link 
mBINT to neurodegenerative disease patterns32,52 and neu-
ropsychiatric sequelae,9,13,15,70 it is imperative that intensive 
efforts be made to further explore the relationships among 
the initial blast injury, secondary biochemical mediators, 
and long-term changes in brain function in the controlled, 
reproducible setting of animal models. The data shown 
here demonstrate anatomical, behavioral, and biochemical 
metrics used to evaluate the clinical relevance and severity 
of our injury model, each of which mimics key elements of 
the human condition. However, our model merits further 
analysis using a varied number, orientation, and severity 
of BINT, as well as a more intensive time-course analy-
sis of the observed changes. This model has also provided 
a framework for evaluating oxidative stress and neuroin-
flammation-related changes in BINT, particularly those 
mediated by acrolein, and subsequent work will pursue 
this for evaluation of diagnostic and therapeutic approach-
es. Considering the benefit of acrolein scavenging treat-
ment in several other CNS traumas and diseases,35,42,74,78 
it is expected that acrolein may eventually have utility as 
a theranostic biomarker facilitating more timely medical 
intervention with novel effective treatment(s) for BINT.
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