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Abstract

Explosives create shockwaves that cause blast-induced neurotrauma, one of the most common
types of traumatic brain injury (TBI) linked to military service. Blast-induced TBIs are often
associated with reduced cognitive and behavioral functions due to a variety of factors. To study the
direct effects of military explosive blasts on brain tissue, we removed systemic factors by utilizing
rat hippocampal slice cultures. The long-term slice cultures were briefly sealed air-tight in serum-
free medium, lowered into a 37 °C water-filled tank, and small 1.7-gram assemblies of
cyclotrimethylene trinitramine (RDX) were detonated 15 cm outside the tank, creating a distinct
shockwave recorded at the culture plate position. Compared to control mock-treated groups of
slices that received equal submerge time, 1-3 blast impacts caused a dose-dependent reduction in
the AMPA receptor subunit GIuR1. While only a small reduction was found in hippocampal slices
exposed to a single RDX blast and harvested 1-2 days later, slices that received two consecutive
RDX blasts 4 min apart exhibited a 26-40% reduction in GIuR1, and the receptor subunit was
further reduced by 64-72% after three consecutive blasts. Such loss correlated with increased
levels of HDAC?2, a histone deacetylase implicated in stress-induced reduction of glutamatergic
transmission. No evidence of synaptic marker recovery was found at 72 h post-blast. The
presynaptic marker synaptophysin was found to have similar susceptibility as GIuR1 to the
multiple explosive detonations. In contrast to the synaptic protein reductions, actin levels were
unchanged, spectrin breakdown was not detected, and Fluoro-Jade B staining found no indication
of degenerating neurons in slices exposed to three RDX blasts, suggesting that small, sub-lethal
explosives are capable of producing selective alterations to synaptic integrity. Together, these
results indicate that blast waves from military explosive cause signs of synaptic compromise
without producing severe neurodegeneration, perhaps explaining the cognitive and behavioral
changes in those blast-induced TBI sufferers that have no detectable neuropathology.
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1. Introduction

Traumatic brain injury (TBI) and the related neurodegenerative complications of chronic
traumatic encephalopathy (CTE) represent serious public health problems, contributing to a
substantial number of deaths and cases of permanent disability. Nearly 2% of the population
in the United States lives with disabilities caused by a TBI, among the approximately 2
million people each year that experience different types of traumatic injuries (Centers for
Disease Control and Prevention. Traumatic brain injury in the United States: A Report to
Congress, 1990). TBI and mild TBI can cause varying levels of CNS deterioration and
dysfunction, leading to neurological and psychiatric problems (see Schwarzbold et al., 2008;
Orlovska et al., 2014). This serious public health issue has been enhanced by the increased
frequency of sports-related head injuries and battlefield exposures to anti-personnel mines
and other explosive devices, as well as by improved detection of injuries.

TBI is a common injury among veterans returning from Iragi and Afghan theaters.
According to the Brain Trauma Foundation, 10-20% of Iraqi veterans suffer from the
traumatic brain disorder, and a major problem exists due to the number of soldiers from the
two wars with the signature injury (Williamson and Mulhall, 2009). The physical injury and
psychological trauma have overlapping symptoms that may involve overlapping mechanisms
in the brain (Miller, 2011). A wide variety of explosive devices cause primary blast-induced
neurotrauma, one of the most common types of TBI associated with military service. A
primary blast injury occurs due to changes in transient overpressure waves as a result of the
detonation. Explosives create a characteristic shockwave consisting of an initial positive-
pressure blast wave followed by a negative-pressure phase. The latter produces a distinct
cavitation event in the brain that is thought to be a key factor underlying blast-induced injury
(Moore and Jaffee, 2010; Goeller et al., 2012). Molecular and cellular changes associated
with TBIs often result in the disruption of cognition, behavioral functions, and cell viability.
While trying to understand the pathogenic mechanisms involved, most clinical data on blast-
induced TBI include secondary traumatic events, thus limiting useful information regarding
the direct effects of a primary blast (Elder et al., 2010). Accordingly, several /n vitro studies
have used shock tube systems to model injury mediated by transient overpressure waves in
neuroblastoma cells (Arun et al., 2011), endothelial cells of the blood-brain barrier (Hue et
al., 2013, 2014), and brain slices (Effgen et al., 2012, 2014). In order to study the specific
blast waves generated by military explosives, a novel procedure was recently developed that
generates reproducible shockwaves from a detonated explosive (Zander et al., 2015). The
procedure uses a highly controlled construct of research department explosives (RDX), the
major component of C-4 explosive and one of the most powerful military explosives.

In order to examine the direct effects of military explosives on brain tissue, the present study
utilized rat hippocampal slice cultures that stably maintain the distinctive subfields of the
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hippocampus, as well as native neuronal morphology and connectivity (Muller et al., 1993;
Bahr, 1995; Bahr et al., 1995a). The hippocampus is the main focus of this study not only
due to it being distinctly vulnerable to traumatic and excitotoxic injuries, but also because it
is a region that is important for higher order brain functions, that expresses synaptic
plasticity to compute diverse information, and that is involved in routing encoded spatial,
emotional, and reward information to other brain areas (see Bahr et al., 1998; Szinyei et al.,
1999; Pelletier and Lacaille, 2008; Schober et al., 2014; Carlson et al., 2015; Ciocchi et al.,
2015). The organotypic cultures allow studies to address specific issues in the absence of
systemic variables, thus avoiding interpretation issues in the present study regarding whether
subtle vs. severe neuronal changes are produced by single or multiple RDX blasts. Such
slice cultures have proved valuable for determining pathways of neuropathology because of
their similar cellular and genetic responses to various insults as compared to /n vivo studies
describing the unique pathogenic responsiveness of the hippocampus (VMornov et al., 1994;
Bahr et al., 2002; Bendiske et al., 2002; Caba and Bahr, 2004; Bonde et al., 2005; Karanian
et al., 2005; Noraberg et al., 2005; Wisniewski et al., 2011). In the current report, cultured
hippocampal slices were placed in a specialized chamber in which defined assemblies of
RDX were detonated outside the chamber to generate blast shockwaves from the military
charge. Of particular interest were the negative effects of the explosive nitroamine on
indicators of synaptic integrity.

2. Materials and methods

Sprague-Dawley rat litters (Charles River Laboratories, Wilmington, MA) were housed in
accordance with guidelines from the National Institutes of Health. Hippocampal slice
cultures were prepared from 12-day-old rats as previously described (Bendiske et al., 2002;
Wisniewski et al., 2011). Slices were cut from pre-cooled hippocampi and briefly placed in
ice-cold buffer containing 124 mM NaCl, 3 mM KCI, 2 mM CaCl,, 4 mM MgSQy, 1.25
mM KH,POy4, 26 mM NaHCO3, 10 mM b-glucose, and 2 mM ascorbic acid. Groups of 8-9
slices were quickly distributed on the Biopore PTFE membrane of each Millicell-CM culture
insert (Fisher Scientific; Pittsburgh, PA) which was in contact with culture medium
containing 50% Basal Medium Eagle, 25% Earl's balanced salt solution, 25% regular horse
serum, and the following concentrations of supplements: 136 mM glutamine, 40 mM
glucose, 0.5 mM ascorbic acid, 20 mM HEPES buffer (pH 7.3) 1 mg/l insulin, 5 units/ml of
penicillin, and 5 mg/l streptomycin. Medium was changed every 2-3 days and the surface of
the slices exposed to humidified air plus 5% CO» at 37 °C. The slices consistently display
characteristics of the adult hippocampus by two weeks in culture, including the distinct
change in glycosylation state of adhesion molecules (Bahr, 1995; Bahr et al., 1995a;
Hoffman et al., 2001), and such synaptic maturation markers are routinely confirmed in each
preparation of slice cultures.

The blast protocol was conducted at culture day 22—28, in which hippocampal slices in a 6-
well plate were sealed within an air-tight containment filled with serum-free media (horse
serum was replaced with HEPES-buffered saline). Next, the plate was clamped in a vertical
position using a rig that was then secured within a 37 °C water tank, 18 cm from the front
inner wall. The vertical position directs the military blast wave to the surface of the brain
slices, thus minimizing lateral stress on adhesion between the tissue and culture insert
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membranes. Reproducible assemblies of RDX (1.7 g) were positioned to produce an
explosive blast 15 cm outside the tank's 2-cm wall, creating a well-defined air shockwave
that propagates into and through the volume of water to the culture plate (total standoff
distance = 35 cm). The specific setup distances took into consideration 1) the small
explosive charge size that was accessible for the study and its short duration, 2) the charge
size and number of consecutive charges that could be detonated in the Aberdeen Proving
Ground facility by Army Research Laboratory personnel, and 3) the desired pressure impact
for tests on cellular/synaptic integrity while avoiding damage to the culture insert Biopore
support membrane or the air-tight containment. Control slices in a similar 6-well plate
received mock treatment of equal submerge time in the containment with serum-free media.
The slice cultures (50-60 per condition) were exposed to 1-3 RDX blasts approximately 4
min apart, and then quickly returned to normal culture conditions. One to two days after the
blast event(s), slices were gently harvested into groups of 7— 9 each using ice-cold isosmotic
buffer containing protease inhibitors, then homogenized in lysis buffer (Karanian et al.,
2005). Some slice cultures were first infused with 100 uM A~methyl-p-aspartate (NMDA) in
serum-free media, and incubated for 5 min at 37 °C before being rapidly harvested in
isosmotic buffer containing phosphatase inhibitors. For a positive control of excitotoxicity,
other slices were 1) treated with 100 uM a.-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA) for 15 min at 37 °C, 2) given three media changes to washout
the AMPA, 3) infused with CNQX and MK801 during the media changes in order to quench
further glutamatergic activity, and 4) harvested 30— 48 h later in ice-cold buffer containing
protease inhibitors. A subset of slices were fixed and subjected to Fluoro-Jade B staining
(Neuroscience Associates; Knoxville, Tennessee) or anti-synaptophysin immunocyto-
chemistry. Images were acquired using a Nikon Ti-E microscope linked to the C2 confocal
system and software, as well as with Zeiss 710 and Zeiss 780 confocal systems.

Protein content of the slice samples was determined with a BSA standard, and equal protein
aliquots were assessed by immunoblot for synaptic markers. Blots were incubated overnight
at 4 °C with anti-synaptophysin (Boehringer Mannheim, Indianapolis, Indiana), anti-GluR1
(Millipore, Billerica, Massachusetts), anti-HDAC?2 (Santa Cruz Biotechnology, Santa Cruz,
California), anti-pCofilin-s3 (Abcam Inc., Cambridge, Massachusetts), anti-active MAPK
(PERK1/pERK?Z; Cell Signaling, Beverly, Massachusetts), and antibodies that selectively
recognize calpain-mediated spectrin breakdown product (Bahr et al., 1995b). Anti-1gG-
alkaline phosphatase and anti-1gG-horse radish per-oxidase conjugates were used for the
secondary antibody step, and development of antigen staining used either the 5 bromo-4-
chloro-3-indolyl phosphate and nitroblue tetrazolium substrate system or a
chemiluminescence protocol (GE Amersham Imager AI600RGB). Each immunoblot was
also stained with anti-actin (Sigma, St. Louis, MO) to provide a protein load control. Stained
antigens were analyzed to determine integrated optical density (I0D) with BIOQUANT
software (R & M Biometrics, Nashville, Tennessee). Within blots, each 10D value was
normalized to percent of mock treatment control samples, and the means + SEM were
compared using unpaired, two-tailed t-tests or ANOVA.
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In order to examine the direct effects of military explosive blast waves on brain tissue, rat
hippocampal slice cultures were utilized. The slices are typically maintained for 1-2 months
living on culture insert membranes (Fig. 1A), displaying many characteristics of the adult
hippocampus including distinct features of synaptic maturation by culture day 10-14
(Muller et al., 1993, 1996; Bahr et al., 1995a; Hoffman et al., 2001). Confirmed by routine
histology, the long-term slice cultures retain the characteristic neuronal density and subfields
of the hippocampus (Fig. 1B). For the RDX blast protocol, a six-well plate containing 50-60
hippocampal slices was sealed in serum-free medium and clamped in position within a
warmed, water-filled tank (Fig. 1C). A spherical assembly of RDX explosive (Fig. 1D) was
then quickly detonated outside the tank, producing an air blast and propagating pressure
wave. The shockwave traveled through the poly(methyl methacrylate) tank wall into the
water medium, and sensors located immediately above the culture plate measured a fast
onset pressure profile followed by rapid decay and a negative region of the pressure history
(Fig. 1E). Across blast experiments, the sensors recorded similar pressure-time profiles, with
mean peak pressures of 110-115 psi found for the three sensor positions (see Table 1).
Within each individual detonation, the average variance from the three peak pressure
measures was 10.3 psi, thus 9.34% of the typical peak pressure.

The first tests subjected hippocampal slice cultures to a single RDX blast or to 2-3
consecutive RDX blasts 4 min apart in order to examine the effects on the AMPA receptor
subunit GIuR1, also called GIuAl (Fig. 2A). The anti-GIuR1 immunoblots were
subsequently assessed for actin levels, confirming that equal protein was loaded for the
different slice samples. In Fig. 2B, the explosive blasts are shown causing a dose-dependent
reduction in GIuR1 (ANOVA: p < 0.0001). The single RDX detonation was associated with
a small 18.3 + 12% reduction in GIuR1 (n = 6 groups of 7-8 slices each) at 24-48 h post-
blast, with wide variance and not significant compared to control hippocampal slices
exposed to equal submerge time in the tank setup. A decline of 33.1 + 7.5% (#test: p =
0.011) was found in slice samples receiving two consecutive RDX blasts 4 min apart, and
after three consecutive blasts GIuR1 levels were reduced by 67.7 £ 4.5% (n=7). The
reduction in the triple-blast slice groups was significant in post hoc tests compared to both
mock treatment control slices (p < 0.0001) and slices that received a single RDX blast (p =
0.001). The blast-induced loss of GIuR1 was rapid, with much of the decline evident 24 h
after the multiple detonations (Fig. 2C). The initial 50% reduction in GIuR1 was followed by
an additional 10-15% loss at 45 h post-blast, and no indication of recovery of the synaptic
marker was found at 72 h. During the post-blast period with marked synaptic decline, actin
levels were unchanged (Fig. 2D).

It is of interest that the military blast-induced synaptic decline corresponds with increases in
HDAC2, a protein whose upregulation has been linked to GIuR1 degradation (Wei et al.,
2016). As shown in Fig. 3, the loss of GIuR1 immunoreactivity correlates with increased
HDAC?2 levels within multiple-blast slice samples that were harvested across post-blast
times. In the plotted immunoreactivity levels from individual slice samples, linear regression
analysis found a significant correlation between indications of GIuR1 removal and HDAC?2
enhancement (R = —-0.611, p < 0.01).

Exp Neurol. Author manuscript; available in PMC 2018 January 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smith et al.

Page 6

To determine if a presynaptic protein is susceptible to the explosive blasts, a subset of
hippocampal slice samples were also assessed for synaptophysin (Fig. 4A). In the triple-
blast slice groups that were assessed for both pre- and postsynaptic markers, synaptophysin
was reduced by 50% (p < 0.0001; n = 10) while GIuR1 levels were reduced by 57% (p <
0.0001; n = 13) as compared to mock treatment submerge control slices (Fig. 4B). Thus, the
two synaptic markers exhibit similar susceptibility to consecutive RDX detonations in the
cultured slice model. Synaptophysin also exhibited susceptibility following a single RDX
blast, being reduced by 40% (Fig. 4B; p < 0.01). Thus, disruption of synaptic integrity is
indicated by two important components of hippocampal synapses.

Another test of synaptic integrity involved slice cultures subjected to two RDX detonations
to assess for NMDA-mediated cofilin phosphorylation, a pathway component initiated by
long-term potentiation and functional dynamics in the hippocampus (Rex et al., 2010). The
RDX-treated and submerge control slices were infused with NMDA for 5 min followed by
rapid harvesting, showing that only control slices exhibited increased phospho-cofilin after
the brief NMDA receptor stimulation (Fig. 4C). High levels of phospho-cofilin were evident
in the RDX-treated slices and NMDA infusion was unable to enhance such levels.
Phosphorylation-specific antibody recognition was confirmed by pre-treating the same
nitrocellulose-bound slice samples for 2 h with alkaline phosphatase. While the two
consecutive RDX blasts altered NMDA receptor-cofilin signaling, they did not disrupt all
neuronal pathways since NMDA was able to induce phosphorylation of the ERK2 isoform
of MAPK (Fig. 4D).

The triple-blast slice groups were also tested for degenerative loss of the housekeeping
protein actin. In the same slice groups exhibiting pre-and postsynaptic marker declines, actin
levels were unchanged (102.3 + 4.7% of the level found in control slices) (Fig. 4B). This
lack of change in a key cytoskeletal protein suggests that the shockwaves produced by 1.7-g
RDX explosives, while able to disrupt synaptic integrity, do not elicit overt cellular
deterioration. To further address this issue, submerge control and multiple-blast slice groups
were subjected to synaptophysin immunohistochemistry, DAPI counterstain, and Fluoro-
Jade B staining (Fig. 5A). The punctate synaptophysin immuno-staining was reduced >90%
(area fraction and intensity) and was disorganized in the stratum radiatum after the blast
events, whereas the same image areas exhibited no reductions in DAPI staining and no
evidence of nuclear shrinkage. Fluoro-Jade B staining also found no indication of
degenerating neurons in the pyramidal fields of hippocampal slices exposed to single or
triple RDX blast treatment (Fig. 5A and B). In contrast, extensive Fluoro-Jade B staining
was found in slice cultures that were subjected to a 15-min excitotoxic insult using AMPA
(Fig. 5B). The AMPA exposure also induced calpain-mediated spectrin breakdown product
(BDP), an indicator of cellular damage (see Bahr et al., 1995b, 2002), whereas triple RDX
blast slices with significantly-reduced GluR1 had no indication of BDP generation (Fig. 5C).
While spectrin breakdown has long been a common factor in studies of brain injury,
excitotoxicity, and other models of neuronal over-activation (see review: Vanderklish and
Bahr, 2000), the 1.7-g RDX blast protocol appears to produce marked synaptic decline
without the buildup of stable BDPs.
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Another test was done to address whether the RDX blast insult is related to excitotoxicity
with regards to synaptic marker reductions. In Fig. 6, the synaptic decline profile induced by
RDX detonations was compared to 1) synaptic declines reported in excitotoxicity studies
using hippocampal slice cultures (Bahr et al., 2002; Karanian et al., 2005; Naidoo et al.,
2012) vs. 2) hippocampal slice synaptic declines from protein accumulation stress studies
(Bendiske and Bahr, 2003; Butler et al., 2007; Wisniewski et al., 2011). As shown, the
synaptic marker loss profile for multiple RDX blasts (solid black line) aligns much closer to
the excitotoxic profile than the protein accumulation stress profile.

4. Discussion

Explosive blasts produce one of the most common types of TBI associated with the military,
and increased use of improvised explosive devices warrants the study of blast shockwaves
and their direct effects on the brain and brain function. Described here is the first study that
subjects stable brain tissue explants to detonations of military explosives, finding that
multiple blasts alter the levels of important synaptic proteins in hippocampus. The small,
reproducible assemblies of RDX, a major component of C-4 plastic explosive, produced a
shockwave that propagated extremely rapidly into the tissue holding tank, creating a
positive-pressure blast wave followed by a negative-pressure phase which is characteristic of
military explosions. Across number of consecutive blasts, a dose-dependent decline in
synaptic proteins was found. Surprising, the study indicates that certain explosive intensities
produce synaptic alterations independent of cellular degeneration. These results suggest the
possibility that a seemingly innocuous blast wave can produce distinct changes in the brain.
The blast-induced synaptic compromise may be the key event that leads to cognitive and
behavioral dysfunctions before obvious neuropathology is detectable.

The /n vitro military explosive blast paradigm provides a unique model to study military
explosives and the direct effects of their specific blast waves (Piehler et al., 2016). Other
models have used shock tubes, fluid percussion, hydrostatic pressure, and controlled impact
devices to produce different types of traumatic injuries. However, the mechanisms of such
injuries are very difficult to compare across the different models and many parameters
involved (Svetlov et al., 2009). The pressure profile generated from such devices also may
not match the specific profile produced by military explosives (see Chen and Constantini,
2013). Accordingly, precise RDX assemblies and their localized detonations were a key
addition to the new blast paradigm, and they were shown to alter membrane permeability
and induce axonal beading in PC12 cells and human neuroblastoma cells (Zander et al.,
2015, 2016). While these two previous reports utilized dissociated cells, the current study
made use of hippocampal slice cultures. The slice cultures are well known for their three-
dimensional, native organization with a maintained neuronal network consisting of 10-15
neuron-thick tissue, complex arborization in the neuropil, and possessing similar synapse
density and synaptic plasticity processes as found in the adult brain (e.g., see Vanderklish et
al., 1992; Muller et al., 1993, 1996; Bahr et al., 1995a, 1998). Applying RDX detonations
towards the intact brain tissue led to a compromise in synaptic integrity, evident through the
assessment of pre- and postsynaptic markers and histological staining.
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The hippocampal slice cultures that were subjected to a single RDX blast exhibited a small
and varied reduction in GIuR1, a subunit of post-synaptic AMPA receptors that are involved
in neurotransmission, hippocampal plasticity (long-term potentiation), and memory
(Vanderklish et al., 1992; Schmitt et al., 2004; Kopec et al., 2007). When exposed to
consecutive RDX detonations, GIuR1 levels were further reduced by as much as 72% after
three blasts. A correlational analysis indicates that such synaptic decline may be mediated in
part by HDAC?2, a histone deacetylase whose upregulation has been associated with stress-
induced GIuR1 degradation, loss of glutamatergic transmission, and disrupted recognition
memory (Wei et al., 2016). The link to HDAC?2 also implicates alterations to AMPA receptor
sorting pathways in the blast-induced synaptic decline, since HDAC2-related pathways have
been found to play a role in regulating AMPA receptor trafficking (Schwarz et al., 2010;
Hou et al., 2011) and ubiquitin/proteasome-mediated degradation of GIuR1 which can lead
to the deficit of certain cognitive processes (Yuen et al., 2012).

Similar to the RDX blast model, loss of hippocampal GIuR1 was also found after controlled
cortical impact TBI (Kharlamov et al., 2011), the /n vivo study reporting a 51% loss in rats
that exhibited posttraumatic epilepsy and a 34% loss in those that did not. The altered
electrophysiology may be related to composition changes in glutamatergic synapses, and
such changes may explain the impaired axonal conduction and disrupted long-term
potentiation after insult paradigms using compressed gas blast tubes (Goldstein et al., 2012;
Effgen et al., 2014). In addition to the loss of the postsynaptic GIUR1 protein after multiple
RDX detonations, the slice cultures also exhibited a similar decline in the pre-synaptic
protein synaptophysin as compared to levels in mock-treated control slices. The level and
patterned distribution of synaptophysin in dendritic fields was severely disrupted. Perhaps
the vulnerability of the vesicular protein is related to the synaptic vesicle distribution change
that is induced by TBI (Carlson et al., 2015).

Hippocampal pre- and postsynaptic proteins were also found reduced after unilateral cortical
impact using a controlled pneumatic impact device (Ansari et al., 2008). A second study
reported similar or further declines in pre- and postsynaptic proteins 96 h after a cortical
impact depth of 2 mm was produced by a 5-mm impactor tip (Ansari et al., 2013). In
contrast, it is noteworthy that a more moderate level of cortical impact injury (0.5-mm
impact depth with a 3-mm impactor) resulted in 40-50% increases in synaptophysin in the
ipsilateral hippocampus 48-72 h post-impact (Thompson et al., 2006). Enhanced
synaptophysin levels are likely a result of compensatory signaling, and such restorative
responses are apparently disrupted by the more damaging impactor. The fact that 1-3 RDX
blasts caused decreases rather than increases in synaptophysin and GIuR1 in the current
study suggests that even a single blast wave from a detonated charge can disrupt synaptic
maintenance pathways. The multiple RDX blasts also disrupted the ability of NMDA
receptor stimulation to induce downstream phosphorylation of cofilin, a pathway implicated
in cytoskeletal dynamics for modifying synapses and their functional plasticity (Rex et al.,
2010). While excitability may explain the compromised NMDA-activated signaling
pathway, non-specific damage to experimental setup or broad neuronal mechanisms does not
appear to occur after RDX blasts since brief NMDA infusion still exhibited activation of
pERK?2, perhaps related to a glutamatergic pathway acting through MAPK kinase (Perkinton
et al., 1999; Bahr et al., 2002). Subtle changes to neuronal function may explain blast-
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induced changes in cognition and behavior. For example, a study using fairly rapid blast
overpressure loading in mice reported changes in hippocampus-dependent behaviors
corresponding with electrophysiological changes in hippocampal subfield CA1 (Beamer et
al., 2016). In addition, a recent study showed that multiple primary blasts significantly
reduced long-term potentiation in the absence of altered basal neuronal responses (Effgen et
al., 2016). This study used hippocampal slice cultures and suggests a specific effect on
synaptic plasticity before overt damage to axons, dendrites, or cells.

It is also interesting that RDX blast-induced synaptic marker declines occurred without
evidence of cellular degeneration in slice cultures. The absence of Fluoro-Jade B staining 2
days after a triple blast insult indicates that the shockwaves produced by 1.7-g RDX
assemblies do not lead to neuronal damage in hippocampal subfields. Note that
neurodegeneration occurred after different levels of controlled cortical impact injury, with
most of the degenerating neurons identified within 24 h and additional numbers observed 48
h post-insult (Ansari et al., 2008; Zhou et al., 2012). Additionally, while the temporal profile
of RDX blast-induced synaptic decline is similar to the rapid loss of GIuR1 and other
synaptic markers in the excitotoxic hippocampus (see Fig. 6), multiple RDX blasts do not
produce the typical neurodegeneration commonly linked to excitotoxicity. In the current
study, RDX detonations did not produce the cytoskeletal damage and cellular degeneration
found subsequent to AMPA-mediated excitotoxicity, and a similar AMPA insult in
hippocampal slices resulted in a tight association between GIuR1 loss, generated spectrin
breakdown products, and neuronal death (Bahr et al., 2002). Since RDX blasts do not exhibit
calpain-mediated spectrin breakdown and do not align well with the slow synaptic decline
profile linked to protein accumulation stress, it is of particular interest that calpain, with the
use of inhibitors in Alzheimer's disease models, has been implicated in Alzheimer-type
protein accumulation pathology (Trinchese et al., 2008; Hook et al., 2011; Rao et al., 2014).
It should be noted that protein accumulation events involving Ap and tau have been linked to
brain trauma including a TBI model with a compressed-gas blast tube (see Goldstein et al.,
2012; Du et al., 2016; Scott et al., 2016). On the other hand, the RDX synaptotoxic effect
appears to occur earlier than the synaptic decline reported in hippocampal slice studies of
protein accumulation stress related to Ap and tau (Bendiske and Bahr, 2003; Butler et al.,
2007; Wisniewski et al., 2011). Thus, from the above discussion, the level of detonated RDX
used in the present study appears to produce a unique type of pathology comprised of altered
synaptic integrity in the absence of cellular deterioration.

These findings add to the challenge in understanding TBIs resulting from explosives, and
they point to the need for improved detection and treatment of military blast-induced
changes in the brain. Exposures to unexpected explosions can have a huge range of blast
intensities and a frequency ranging from a single detonation to a barrage of mortar shelling
or artillery. In addition, military personnel routinely conduct explosive breaching, often with
limited barrier protection. Thus, the monitoring of individuals' cumulative exposures to blast
shockwaves is also a critical issue in light of the current study.
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3 pressure
Sensors

culture plate

Fig. 1.
Hippocampal slice cultures were used to study the direct effects of blast waves from military

explosive. Slices at culture day 4 are shown distributed on a 3-cm culture insert membrane
(A). A hippocampal slice at culture day 28 displays features of the adult brain including
intact hippocampal subfields visualized by H and E staining (B; view-field width: 3.5 mm).
Slice cultures in a six-well plate were sealed in serum-free media then positioned within a
warmed, water-filled tank (C). Three piezoelectric, high frequency pressure sensors are
located directly above the clamped culture plate. A spherical assembly of RDX explosive
(D) was detonated outside the water tank and the generated blast wave traveled through the
wall of the tank, into the water medium, and was measured as a pressure history profile (E).
DG, dentate gyrus.
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Fig. 2.

M?Iitary explosive blasts from 1.7-gram RDX assemblies cause a dose-dependent and time-
dependent reduction in the AMPA receptor subunit GIuR1. Hippocampal slice cultures
exposed to 1-3 RDX blasts (1x—3x) were assessed together with mock submerge control
slices (SC) by anti-GluR1 immunoblotting (A). Each blot was subsequently stained for actin
for a protein load control, and positions for molecular weight standards are shown for 38—
104 kDa.GIuR1 immunoreactivities (means=SEM) are shown as percent to levels found in
submerge control groups of slices (B) (ANOVA: p < 0.0001; compared to submerge control
slices: #p = 0.011, ***p < 0.0001). Other slice cultures were subjected to RDX detonations
or mock treatment, then harvested to assess GIuR1 levels across post-blast times (C) (two-
way ANOVA: p < 0.0001; comparison between control and RDX blast groups at each time
point: *p < 0.05; **p < 0.01). The blast samples were also assessed for actin levels (D).
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RDX blast-induced loss of GIuR1 immunoreactivity in brain tissue samples corresponds
with increased levels of the HDAC?2 protein. Hippocampal slice cultures were subjected to
three consecutive detonations of the military explosive then harvested over time in order to
assess GIuR1 and HDAC2 in the same immunoblot lanes (top). The immunoreactivity levels
of the synaptic marker and HDAC?2 across individual slice samples were plotted again each
other and linear regression resulted in a significant correlation (R? = 0.373; two-tailed, one-
sample £test on resulting slope: p = 0.004).
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Fig. 4.
Pre- and postsynaptic markers exhibit similar susceptibility to military RDX blasts.

Hippocampal slice cultures were subjected to 3 consecutive RDX detonations then harvested
over time in order to assess synaptophysin and actin levels by immunoblot (A). Slices from
single (1x) and 3 consecutive RDX blasts (3x) were assessed for levels of the two proteins,
as well as for GIuR1 for comparison, which were normalized within-blot to respective
measures from submerge control slices (SC) and the data sets shown (B) (means + SEM;
unpaired t tests compared to controls: **p < 0.01, ***p < 0.0001). At 24 h post-blast, slice
cultures treated with 2 RDX blasts and control slices were infused with 100 uM NMDA for
5 min and harvested in buffer containing phosphatase inhibitors. The identical samples on
two nitrocellulose strips were incubated with or without alkaline phosphatase (AP) for 2 h at
37 °C before phospho-cofilin immunostaining (C). Each blot was subsequently stained for
actin. Another set of double-blast slices were subjected to the NMDA treatment to assess
pCofilin and pERK2 in the same slice samples (D).

Exp Neurol. Author manuscript; available in PMC 2018 January 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smith et al.

Page 18

DAPI Fluoro-Jade B
control

A synaptophysin

control
sp
sr
3X blast 3X blast 3X blast

B B¢ AMPA -~

control

C pos SC 3X con AMPA
BDP->| | e
GIuR1->| s — e

Fig. 5.
Military explosive detonations of 1.7-gram RDX assemblies produced synaptic marker

decline but no evidence of cellular damage. Hippocampal slice cultures from a control mock
treatment group and a triple-blast group were fixed 45 h after the detonation events and
assessed for anti-synaptophysin immunostaining and DAPI counterstaining (A), and images
from the same CA1 area are shown (view-field width: 180 um). The same slices were also
subjected to Fluoro-Jade B staining and a larger area imaged due to no cellular staining
evident (A; view-field width: 400 um). A positive control for the Fluoro-Jade stain consisted
of slice cultures treated with 100 uM AMPA for 15 min, the excitotoxic insult then quenched
with washes containing CNQX and MK-801, and the tissue fixed 48 h post-insult for CA1
imaging (B). In the same area of a slice subjected to a single RDX blast, Fluoro-Jade B did
not stain any degenerating pyramidal neurons (view-field width: 450 pum). sp, stratum
pyramidale; sr, stratum radiatum. Spectrin breakdown product (BDP) was assessed by
immunoblot in a positive control sample of calpain-mediated BDP (pos) and in hippocampal
slices from the submerge control group (SC), a triple-blast group (3x), untreated control
group (con), and AMPA-insult group (D). The same blots were assessed for GIuR1
immunostaining.
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The blast-induced synaptic decline profile was compared to synaptic decline profiles related
to excitotoxicity (small gray zone) and protein accumulation stress (large gray zone)
summarized from previous hippocampal slice studies. Synaptic marker results normalized to
control slices were compiled from reports on excitotoxic over-activation of glutamate
receptors (Bahr et al., 2002; Karanian et al., 2005; Naidoo et al, 2012) and protein
accumulation stress (Bendiske and Bahr, 2003; Butler et al., 2007; Wisniewski et al., 2011)
to generate the most common “zone” for the two types of synaptic decline, the disparate
insults being initiated at the typical time of culture day 25. Control slices from the current
study as well as from several previous studies together showed that synaptic marker levels
were stable across the period of 10-40 days in culture (hatched area). Triple RDX blast-
induced synaptic marker loss is shown with the solid black line.
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Table 1

Three sensors measured similar peak pressures across RDX detonations.

Sensor position  Peak pressure, ps

Left 109.5 +5.82
Middle 1149 +7.40
Right 1145+8.38

Hippocampal slice cultures were sealed in serum-free medium and clamped within a water-filled tank with three high frequency pressure sensors
positioned directly above the tissue culture plate. Upon detonation of live explosive outside the tank (1.7 g RDX), peak pressures resulting from the
propagating pressure wave were measured by the three sensors (mean psi + SEM, n = 12).
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