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Abstract
Blast overpressure has long been known to cause barotrauma to air-filled organs such as lung and
middle ear. However, experience in Iraq and Afghanistan is revealing that individuals exposed to
explosive munitions can also suffer traumatic brain injury (TBI) even in the absence of obvious
external injury. The interaction of a blast shock wave with the brain in the intact cranial vault is
extremely complex making it difficult to conclude that a blast wave interacts in a direct manner
with the brain to cause injury. In an attempt to “isolate” the shock wave and test its primary effects
on cells, we exposed cultured microglia to simulated blast overpressure in a barochamber.
Overpressures ranging from 15–45 psi did not change microglial Cox-2 levels or TNF-α secretion
nor did they cause cell damage. Microarray analysis revealed increases in expression of a number
of microglial genes relating to immune function and inflammatory responses to include Saa3, Irg1,
Fas and CxCl10. All changes in gene expression were dependent on pulse duration and were
independent of pressure. These results indicate that microglia are mildly activated by blast
overpressure and uncover a heretofore undocumented role for pulse duration in this process.
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1. Introduction
Humans exposed to detonation of explosive materials have long been known to suffer injury
(i.e., barotrauma) to air-filled organs such as lung and the middle ear [10, 40]. It is also
becoming apparent that blast can cause injury to the brain even in the absence of obvious
external injury, referred to as blast-induced neurotrauma (BINT) [8]. Exposure to blast is
common in military personnel serving in Iraq and Afghanistan and can result in traumatic
brain injury (TBI) that ranges in severity from mild to fatal. Military operations in these
theaters are revealing that TBI accounts for about 20–30% of all combat casualties [13, 33].
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Blast causes injuries that are categorized as primary (direct effects of pressure associated
with the blast wave), secondary (propelled objects make contact with a person), tertiary
(person put in motion by blast and strikes solid structures), and quaternary (burns or
inhalation of toxic detonation products). Injury to the brain by secondary and tertiary effects
is common after blast and is similar to TBI suffered by civilians after blows to the head
(e.g., fall, automobile accident). However, it is not yet known with certainty if the brain is
damaged by the direct, primary effect of blast overpressure [16, 31].

Exposure of experimental animals to real or simulated blast overpressure results in a variety
of insults to the brain to include axonopathy, astrocytosis, metabolic and
electrophysiological changes [3, 11, 19, 27]. However, numerous factors make it very
difficult to assign these effects to the direct, primary forces of the blast overpressure wave.
Results from computational modeling suggest that blast can cause skull flexure even without
head impact and produces loads in brain tissue that are comparable to those seen in injury-
inducing impact [23]. Biomechanical testing of rodents has verified that intracranial
pressures peak when skull strains are high indicating that skull flexure may play a key role
in blast energy transmission to the brain [6]. It has also been discovered that bone of the
skull is piezoelectric and can produce intense electromagnetic fields when traversed by a
blast wave [17]. Shock waves from blast can provoke a shear response, possibly resulting in
contusions as the brain strikes the hard skull [9] and regions of maximal tension are
produced at countercoup sites (i.e., opposite side from the blast source; [32]). The
microstructure of the brain itself leads to large differences in anisotropy with white matter
showing greater ranges than gray matter, which is nearly isotropic [1, 25]. Differences in
anisotropy can contribute to variations in deformation of the brain upon interaction with the
blast wave [14] or after oscillatory shear forces [1]. Blast overpressure can also cause
inflammation in the lungs and gastrointestinal tract and systemic responses such as this can
also contribute to CNS injury [7].

In an attempt to “isolate” the overpressure wave and study its primary effects on cells
without the complicating influences associated with the intact CNS discussed above, we
tested homologous cells in a custom designed barochamber [18, 38]. Microglial cells were
chosen for study because of their well known involvement in neurodegenerative diseases
[26, 39] and in the actions of neurotoxins [5, 36, 37], and because extensive microglial
activation and hypertrophy has been observed in intact animals after exposure to non-
penetrating blast injury [16]. We report that microglia are not damaged by overpressure but
show gene expression changes that are indicative of mild activation. Our results also
uncover an interesting potential role for shock wave pulse duration in altering microglial
status.

2. Materials and methods
2.1. Reagents

Lipopolysaccharide (LPS; from E. coli serotype 055:B5) was obtained from Sigma-Aldrich
(St. Louis, MO). Trizol and all tissue culture reagents were purchased from Invitrogen Life
Technologies (Carlsbad, CA). Illumina Sentrix MouseWG-6 v2.0 Expression Beadchip Kits
were obtained from Illumina (San Diego, CA). Anti-Cox-2 antibody was purchased from
Cayman Chemical (Ann Arbor, MI) and horseradish peroxidase (HRP)-conjugated goat anti-
rabbit antibody was obtained from Amersham Biosciences (Piscataway, NJ). Western
Lightning Chemiluminescence Reagent Plus was purchased from PerkinElmer Life Sciences
(Waltham, MA). Quantikine M immunoassay kits for TNF-α were obtained from R&D
Systems (Minneapolis, MN). Murine microglia BV-2 cells were provided by Dr. Paul
Stemmer, Wayne State University, Detroit, MI.
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2.2. Microglial cell culture and exposure to overpressure
Murine microglia BV-2 cells were maintained in culture as previously described [34].
Immediately prior to exposure of cells to blast overpressure, dishes were filled with fresh
media and carefully covered with sterile parafilm. Dishes were then secured with Vaseline
to a pedestal at the center of a barochamber and exposed to overpressure as previously
described [18, 38]. The pressure wave magnitude and duration were recorded by a pressure
transducer located within the barochamber using the TDAS Pro Module (DTS, Seal Beach,
CA, USA) and ranged from 15–45 psi (105–314 kPa) and 7–15 msec, respectively. These
simulated blast parameters are consistent with those associated with high explosives [9] and
are within the range of pressure levels used in studies of the cellular responses to blast
overpressure [38]. Controls were treated in the same fashion but were not exposed to the
overpressure wave. At 3, 6 or 24 h after exposure to overpressure, cells were harvested,
washed 3× with PBS and stored at −80°C.

2.3. Assessment of microglial activation after exposure to overpressure
Microglial activation was assessed by measuring Cox-2 protein levels in cells by
immunoblotting and TNF-α in the cell culture media using an Elisa kit [35]. Both are
reliable markers of microglial activation [20, 21]. As a positive control for exposure of
microglia to overpressure, BV-2 cells were activated in serum-free media by treatment with
LPS (100 ng/ml) for 1 hr after which the media was replaced. Cells were harvested 24 hr
after treatment. Untreated cells were similarly washed and harvested as controls.

2.4. Microarray analysis of gene expression caused by overpressure
Changes in gene expression after overpressure treatment were determined by microarray
analysis using Illumina gene chips that contain the entire mouse genome (> 45,000 genes)
[34, 36]. Briefly, BV-2 cells were exposed to overpressure and 6 h after treatment, cells
were harvested, washed and lysed in Trizol. A total of 4 independent tests were carried out
in duplicate (N= 8 overpressure treated dishes) and used for microarray analysis and each
duplicate set of cells exposed to overpressure had a single control associated with it (N= 4
control dishes). Genes were filtered using GeneSpring GX on expression using raw data
values whereby only those genes whose expression values fell within 20–100% in all 12
gene chips were included for further investigation. This filtering provides a list of genes
whose expression is considered “true” and above background. These genes obtained from
the first level of filtering were further filtered on fold-change in expression of ≥ 2.

2.5. Statistics
Graph Pad Prism Software (GraphPad Software, San Diego, California, USA) was used to
perform statistical analyses and graphical presentation. Experiments were reproduced at
least three times. Cox-2 expression and TNF-α secretion were expressed as mean fold-
change ± S.E.M. and group effects were tested for statistical significance using ANOVA
followed by Dunnett's test. Results from microarray analysis of gene expression were tested
for statistical significance using ANOVA followed by Tukey's test. A p value < 0.05 was
considered statistically significant.

3. Results
3.1. Effects of overpressure on microglial cells

BV-2 microglial cells were exposed to overpressure and assessed for Cox-2 expression and
TNF-α secretion as indices of activation. Fig. 1A shows a representative immunoblot from
cells exposed to an overpressure of 20 psi. Pulse durations varied from 12.0–14.25 msec.
Cox-2 levels were not changed from the respective controls at any time point. By contrast,
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treatment of microglia with LPS revealed an increase in Cox-2 expression of approximately
20-fold. TNF-α secretion was not changed by overpressure but was increased > 40-fold by
LPS as shown in Fig. 1B.

3.2. Changes in microglial status by overpressure and pulse duration
Fig. 2 shows the results from 40 independent tests where the overpressure levels were
varied. It can be seen in Fig. 2A that overpressure had small and variable effects on Cox-2
expression over the range of 14– 45 psi. In general, Cox-2 was increased by less than 1.5
fold and the main effect of pressure on Cox-2 expression was not statistically significant.
The results in Fig. 2B show that a correlation between pulse duration and Cox-2 expression
did not exist over the range of 7.5–13 msec. TNF-α did not change over the range of
overpressure levels of 14–45 psi at any pulse duration (data not shown).

3.3. Microarray analysis of microglial gene expression after simulated blast overpressure
In an attempt to expand the search for potential markers of overpressure-induced effects on
microglial cells beyond Cox-2, we resorted to microarray analysis. Genes were filtered on
expression for changes ≥ 2.0-fold by comparison to controls revealing that 17 genes were
differentially expressed after treatment. A list of these genes is included in Table 1. Genes
changed most in expression are related to immune-function and include Saa3 (3.7-fold
increase) and Irg1 (3.7-fold increase). A number of genes related to inflammatory responses
were also increased in expression to include TNF (2.2-fold), Fas (2.4-fold), Cxcl10 (2-fold),
Gpr84 (2.9-fold) and Rsad (2.3-fold). No genes were significantly reduced in expression by
overpressure. Genes changed in expression by overpressure (see Table 1) were subjected to
principle component analysis (PCA) using GeneSpring GX and the results revealed that all
changes occurred after pulse durations of 14.25 msec.

4. Discussion
Exposure to blast overpressure can result in damage to the brain in the absence of any
obvious external injury. Mild brain injuries resulting from blast present significant
challenges to the medical community because of difficulties in detection and treatment. Mild
TBI resulting from exposure to blast can also lead to chronic injuries that require long-term
rehabilitation and care [4, 10]. A growing number of military personnel serving the Iraq and
Afghanistan conflicts are suffering from BINT [13, 33]. Concern over these combat injuries
is extremely high and has resulted in concerted attempts to prevent or mitigate the effects of
blast on the CNS [24]. Primary blast injury is generally accepted as the cause of barotrauma
to air-filled organs such as the lungs and middle ear, but is far less certain with regard to
BINT.

The interaction of the blast overpressure wave with the intact organism is extremely
complex, particularly when considering the brain in an intact skull. Factors including skull
flexure and strain [6, 23], electromagnetic forces [17] and intracranial pressure gradients
[22] can result in acceleration-deceleration-induced contact of the brain with the cranium
[9]. Shear and rotational forces caused by blast can also interact with the highly anisotropic
brain [1, 14]. Any of these effects of the blast wave on the intact skull/brain makes it
extremely difficult to attribute brain injury to the direct, primary effects of the blast wave
itself. In fact, the difficulty in confidently identifying human cases of BINT in which only
primary blast injury has been recognized [31].

One approach to bypass the complicating variables associated with skull-shock wave
interactions would be to “isolate” the overpressure pulse using a barochamber and
homologous cell lines. We have taken this approach in the current study. Microglia were of
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particular interest for study because of their association with numerous neurodegenerative
diseases [12, 26] and neurotoxins [5, 36, 37], and because their activation can result in the
synthesis and secretion of numerous reactive oxygen species and cytokines that are known
to damage nervous tissue. Microglial activation has also been implicated in blast-induced
injury to the brain [15, 16]. Our results revealed that isolated microglia were not damaged
upon exposure to wide ranges in overpressure, and changes in Cox-2 expression and TNF-α
secretion did not indicate activation. By contrast, LPS caused substantial microglial
activation revealed by 20-fold increases in Cox-2 protein expression and 40-fold increases in
TNF-α secretion.

In an effort to examine the broadest possible response of microglia to overpressure, we
carried out microarray analysis of gene expression after treatment. Prior work in our lab has
demonstrated the sensitivity and utility of this approach in mapping the microglial response
to LPS and other activating species [35]. Gene expression changes were subjected to
stringent filtering and revealed that 17 genes were significantly increased in expression. As
expected for microglial cells (i.e., the innate immune system of the CNS), those genes
increased in expression are related to innate immunity/immune function (Saa3, Irg1,
Clecsf9, Ifit3, Cd40, Gpr109a) and inflammatory processes (Fas, Cxcl10, Gpr84, Rsad2).
Although TNF-α protein secretion was not increased by overpressure, TNF gene expression
did increase slightly (~2.2-fold) 6 h after treatment. No genes were decreased in expression
after exposure to overpressure. Gene ontology analysis indicated that microglia responded to
overpressure with a mild “immune system response” and “global regulation of gene
expression”. These changes, both in terms of the number of genes changed and the
magnitude of their changes, are smaller than seen in the response of microglia to LPS and
other powerful microglial activators to include the HIV Tat neurotoxic protein and
methamphetamine [35, 36]. However, increased expression of two genes that can exert
defensive or protective responses to injury, haptoglobin and Usp18, may have served to limit
increases seen in the immune function and inflammatory genes. Our results agree with a
recent study showing that exposure of rats to simulated blast in a shock-tube also results in
small changes in immune and inflammatory gene expression in brain as assessed using
microarray analysis 24 h after injury [28]. These gene responses at 24 h could explain the
discrepancy in our data between increased TNF gene expression without an increase in
TNF-α secretion. Additional studies will be required to determine if the increase in TNF
gene expression was too short-lived to allow translation into changed protein expression.
Another very interesting finding emerged from the microarray analysis. PCA revealed that
gene expression changes only occurred when the pulse duration was 14.25 msec. Cells
exposed to pulse durations of 12 msec, with overpressure equal to that used for 14.25 msec
durations (i.e., 20 psi), did not show gene expression changes by comparison to control. At
present, it is difficult to regulate pulse durations in our barochamber but attempts are
underway to establish better control of this aspect of the overpressure wave in light of
another study that reported greater cell damage in response to overpressures at much higher
pulse durations (20–30 msec) than used presently [29]. Taken together, these preliminary
findings suggest the possibility that the duration of an overpressure pulse may be an
important determinant of the cellular response to overpressure.

The present results are consistent with recent studies showing that C6 glioma cells do not
undergo cell death after exposure to overpressure [38]. Few other studies have used a
barochamber approach to study primary shock wave effects on cultured neurons or glia.
Suneson [30] exposed cultured rat dorsal root ganglion cells to a pressure wave and most
neurons showed extensive injury, cytoskeletal disturbances and severe dysfunction of the
plasma membrane. Shepard et al. [29] used a barochamber to treat primary human glial cells
with pressures varying from ~15–90 psi. Cell viability was maintained below 40 psi but
decreased to < 20% at 90 psi. Although both of these studies reported severe cellular

Kane et al. Page 5

Neurosci Lett. Author manuscript; available in PMC 2013 July 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



damage [29, 30], the overpressures used were much higher than those used presently and in
our previous study [38]. Finally, it was reported recently that cultured NG108 and SH-SY5Y
cells were mildly damaged by exposure to overpressure in a shock tube [2].
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Highlights

▶ Microglial cells can secrete reactive species upon activation that can cause
damage to neurons.

▶ We examined the effects of simulated blast overpressure on microglial gene
expression.

▶ The results indicate that microglial cells are mildly activated by the primary
overpressure wave.

▶ It appears that pulse duration may play an important role in altering
microglial gene expression.

Kane et al. Page 9

Neurosci Lett. Author manuscript; available in PMC 2013 July 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1.
Effects of blast overpressure on cultured microglia. Cells were exposed to simulated blast
overpressure of 20 psi and assessed for activation 3, 6 or 24 h after treatment. Microglial
activation was assessed by immunoblotting for cellular Cox-2 protein (A). Cox-2 levels on
blots (left y-axis) were quantified via scanning and TNF-α (right y-axis) secreted into the
media was quantified by Elisa (B). As a positive control, microglia were exposed to LPS and
harvested for Cox-2 and TNF-α analysis 24 h after treatment. Data are presented as mean
fold-change ± SEM. * p < 0.001, Dunnett's test.
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Fig. 2.
Summary effects of blast overpressure on microglial activation. The effects of exposure of
BV-2 microglial cells to blast overpressure Cox-2 protein levels at 3, 6 or 24 h is shown
from 40 independent experiments. Cox-2 immunoblots for each experiment were scanned
and normalized versus controls carried out for each separate experiment. Results (as fold-
change) are presented as control versus pressure (A) or pulse duration (B). The symbol (X)
indicates experiments where the protective parafilm cover on tissue culture dishes was
broken during the procedure. These samples were included only when they did not show
evidence of contamination.
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Microglial genes changed in expression by simulated blast overpressure as determined by microarray analysis

Fold-change p value Gene symbol Gene Definition Accession #

2.26
0.008

a,b Tyki Thymidylate kinase family, LPS inducible NM_020557.3

2.20
0.028

a,b Ehd1 EH-domain containing 1 NM_010119.3

2.43
0.008

a,b Fas TNF receptor superfamily NM_007987.1

2.01
0.015

a,b Parp14 poly (ADP-ribose) polymerase family14 NM_001039530.1

2.62
0.013

a,b Cxcl10 Chemokine (C-X-C motif) ligand 10 NM_021274.1

2.81
0.008

a,b Hp Haptoglobin NM_017370.1

3.70
0.032

a Saa3 Serum amyloid A 3 NM_011315

2.94
0.028

a Gpr84 G protein-coupled receptor 84 NM_030720.1

2.36
0.008

a,b Usp18 ubiquitin specific peptidase 18 NM_011909.1

3.70
0.008

a,b Irg1 Immunoresponsive gene 1 XM_127883

2.02
0.015

a,b Gpr109a G protein-coupled receptor 109A NM_030701.1

2.31
0.013

a,b Rsad2 radical S-adenosyl methionine domain containing 2 NM_021384.2

2.55
0.008

a,b Ifit3 interferon-induced protein with tetratricopeptide repeats 3 NM_010501.1

2.20
0.015

a,b Cd40 CD40 antigen, transcript variant 5 NM_170702.2

2.67
0.008

a,b Clecsf9 C-type lectin domain family, member e NM_019948.1

2.13
0.019

a,b Tnfrsf5 TNF receptor superfamily, member 5 NM_170704.1

2.16
0.017

a,b Tnf Tumor necrosis factor NM_013693

a
Significantly different (at indicated p values) from controls exposed to overpressure at a pulse duration of 14.25 sec.

b
Significantly different (at indicated p values) from cells exposed to overpressure at a pulse duration of 12 msec. No genes were changed in

expression at a pulse duration of 12 msec by comparison to controls.
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