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Explosive‑driven double‑blast 
exposure: molecular, 
histopathological, and behavioral 
consequences
Erin K. Murphy1,2,3,4,9, Diego Iacono1,2,3,4,5,9*, Hongna Pan2,3,8, Jamie B. Grimes3, 
Steven Parks6, Sorana Raiciulescu7, Fabio Leonessa2,3 & Daniel P. Perl1,4

Traumatic brain injury generated by blast may induce long-term neurological and psychiatric sequelae. 
We aimed to identify molecular, histopathological, and behavioral changes in rats 2 weeks after 
explosive-driven double-blast exposure. Rats received two 30-psi (~ 207-kPa) blasts 24 h apart or 
were handled identically without blast. All rats were behaviorally assessed over 2 weeks. At Day 15, 
rats were euthanized, and brains removed. Brains were dissected into frontal cortex, hippocampus, 
cerebellum, and brainstem. Western blotting was performed to measure levels of total-Tau, 
phosphorylated-Tau (pTau), amyloid precursor protein (APP), GFAP, Iba1, αII-spectrin, and spectrin 
breakdown products (SBDP). Kinases and phosphatases, correlated with tau phosphorylation were 
also measured. Immunohistochemistry for pTau, APP, GFAP, and Iba1 was performed. pTau protein 
level was greater in the hippocampus, cerebellum, and brainstem and APP protein level was greater in 
cerebellum of blast vs control rats (p < 0.05). GFAP, Iba1, αII-spectrin, and SBDP remained unchanged. 
No immunohistochemical or neurobehavioral changes were observed. The dissociation between 
increased pTau and APP in different regions in the absence of neurobehavioral changes 2 weeks after 
double blast exposure is a relevant finding, consistent with human data showing that battlefield blasts 
might be associated with molecular changes before signs of neurological and psychiatric disorders 
manifest.

Exposure to explosive blasts, especially from improvised explosive devices (IEDs), has been a relatively common 
event for military personnel deployed in Afghanistan and Iraq during the last 20 years of conflicts1–3. Acute blast 
exposures are often associated with subconcussion, concussion, and traumatic brain injury (TBI) events and are 
suspected to also initiate long-term neuropathological changes that might culminate in persistent alterations 
of the normal functioning of the brain and later clinical appearance of a wide spectrum of neurological and 
psychiatric disorders (from vestibular disorders to suicidal ideation)4. While explosive events can cause injury 
by several mechanisms (e.g. acceleration/deceleration, sudden impact, penetration), the true impact of blast’s 
most specific mechanism of injury (“primary effect”)—the one mediated by transmission of blast waves through 
the body, cavum organs (e.g., intestine, lungs) and skull on the brain’s functional and structural integrity—is 
still not very well understood3,5–8.

Although the impact of repeated blast exposures is of great concern, it has been addressed primarily in pre-
clinical studies using non-explosive-driven blast generated pneumatically in blast tubes reducing the degree of 
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real-life conditions9,10. One recent study11 investigated repeated blast using the well characterized Karolinska 
Institute model based on the more realistic Clemedson tube12, which utilizes detonated explosives in com-
parison to a pneumatically gas driven blast tube. Importantly, this study highlights differences in the outcome 
measures between pneumatic (shock tubes) and explosive driven repeated blast exposure. Our study also uti-
lizes an explosive driven blast tube similar to the Karolinska model. There have also been a limited number of 
studies published in rodents as well as larger animals (e.g. primates and swine) using open field settings with 
exposure to detonated explosives which truly begin to reproduce the real life settings of military and civilian 
blast exposures10,13–18. While open field environments are the most realistic, there are difficulties in carrying out 
open field studies including but not limited to: large amounts of required explosives and securing an accessible 
location where such studies can occur10.

Given the high likelihood that Service Members (and civilians) currently in war theaters are exposed to mul-
tiple blast events of various modalities (e.g. multiple simultaneous IEDs, accumulated low level exposures from 
heavy weapons, two mines exploding simultaneously, etc.), it is urgent that the effects of multiple blast exposures 
be experimentally explored in order to shed light on their possible neurobehavioral, molecular, and possible 
neurohistopathological consequences. It is also of utmost importance that we try to utilize animal models that 
more closely resemble the blast events occurring in the battlefield with the use of detonated explosives and/or 
open field settings when possible.

In this study, we aimed to identify the specific effects of repeated exposures to explosive-driven blasts utilizing 
a well characterized explosive driven blast device, the Blast Wave Generator (BWG)19–22 on neurological, behav-
ioral, molecular, and possible neurohistologic outcomes suggestive of a higher risk for long-term neuropatho-
logical and clinical sequelae. Overall we wish to better understand the relative role of repeated blast exposure 
(e.g. repeated exposure to a blast overpressure wave as produced through the detonation of explosives) on the 
mammalian brain to provide a possible experimental basis for future research designed to improve detection/
monitoring, treatment, and prevention of blast-related brain injury for Service Members and civilian populations 
at higher risk to be exposed to these catastrophic events.

Results
Blast characteristics.  Recordings confirmed an average peak incident pressure over all 24 blast events of 
30.7 psi (SEM 1.5) with average positive phase duration of 8 ms (± 0.6) with an average time between blasts of 
23 h 14 min (Fig. 1a,b).

Effects of double blast exposure on behavioral outcomes.  General health and neurological 
scores.  We did not observe any remarkable neurological differences between 2 × B vs. Ctl rats between Days 
2–14 following double blast exposure. Both groups gained weight at the same pace for the course of the study 
(Fig. 2a). We observed no differences in basic neurological functions from baseline through Day 14. One blast 
exposed rat out of 12 demonstrated a loss of basic startle reflex (response to hand clap as part of Neurological 
Score assessment) at Day 1 post blast exposure, but it returned to normal by Day 3.

Open field.  At Day 2 post-blast, we observed differences between 2 × B vs. Ctl rats in 3 measures of locomotor 
activity: distance travelled (p = 0.01), speed (p = 0.01), and time immobile (p = 0.02). Blast exposed rats traveled 
significantly further, with greater speed, and spent less time immobile during the 5-min test session as com-
pared with controls (Fig. 2b). Essentially, these findings show that the 2 × B rats were more active than Ctl rats, 

Figure 1.   Blast Wave characteristics. (a) A representative pressure vs time waveform as produced by detonation 
of explosives within the Blast Wave Generator and measured with both side-on and face-on recording gauges. 
This waveform demonstrates a peak incident overpressure around 30 psi with a positive phase duration of 
approximately 8 ms. (b) Summary output data from Blast Wave Generator as recorded at time of blast.
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which has been previously reported for rats exposed to multiple blasts23. Open Field analysis was only con-
ducted at a single time point following blast or control related procedures to try to reduce habituation to the test 
environment23. It is interesting to note that it appears the Ctl rats may have habituated to the test environment 
as compared to the 2 × B rats since their performance decreased from baseline by nearly 50% in measures of dis-
tance travelled and average speed and their time spent immobile went up by nearly 50%. This further emphasizes 
the greater overall activity shown by the 2 × B rats.

Water maze.  No significant differences were observed between 2 × B vs. Ctl rats at any time point in latency to 
find a hidden platform in the Morris Water Maze test of spatial memory as analyzed with 2-way repeated meas-
ures ANOVA. Rats were tested prior to blast exposure and again at 4 time points following blast and performed 
equally well at each test session (Fig. 2c).

Gait.  We analyzed 13 separate gait parameters using the CatWalk XT 9.1 automated digital gait analysis sys-
tem. Parameters examined included the following: stance (s), print length (cm), print width (cm), print area 
(cm2), print intensity (force), swing time (s), swing speed (cm/s), stride length (cm), base of support (cm), 
overall speed (cm/s), number of steps, cadence (steps/s) and regularity index (interlimb coordination). Each 
parameter was analyzed at each of 4 paws independently or in coordinated fashion depending on the measure. 
Rats were tested at baseline and again at 4 time points following blast exposure. With the exception of 2 indi-
vidual data points from just 2 out of 13 parameters, there were no other significant differences between 2 × B 
vs. Ctl rats at each time point. The exception occurred on Day 3, in the parameters of swing speed in the right 
front paw (p = 0.03) and cadence (p = 0.03). By Day 6, there was no significant difference between 2 × B and Ctl 
on these 2 measurements. There were no differences in any other parameters at any other time points measured 
(Supplementary Fig. S1–S5 online).

Figure 2.   Behavioral outcomes following Double Blast Exposure. (a) No significant differences in weight gain 
were noted between 2 × B and Ctl over the course of the study, n = 12 per group. (b) Two days following the 
second exposure to blast, Open Field analysis revealed that blast exposed rats traveled significantly further, with 
greater speed, and spent less time immobile during the 5 min test session as compared with controls, n = 12 
per group. * indicates p value < 0.05 as determined by 2-tailed, unpaired t test. Bars represent % of baseline for 
each group. Error bars represent standard error of the mean. (c) No significant differences in latency to find the 
hidden platform on the Morris water maze were noted between 2 × B and Ctl rats at all time points. n = 12 per 
group.
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Molecular outcomes.  Effects of double blast exposure on pTau, all‑Tau, related kinases and phosphatases 
in frontal cortex, hippocampus, cerebellum and brainstem (Fig. 3).  Rats exposed to two 30-psi explosive blasts 
24 h apart demonstrated increases in pTau measured with AT8 and CP-13 in all 4 brain regions investigated 
(though only significant in 3). AT8 levels were significantly higher in 2 × B vs. Ctl rats in the Hip (p = 0.01), Cere 
(p = 0.01) and BS (p = 0.04). AT8 level was also increased in the FCtx of 2 × B rats, though it did not reach signifi-
cance. CP13 levels were significantly higher in 2 × B vs. Ctl rats in the Hip (p = 0.04). Increased levels of CP13, 
although not statistically significant, were also noted in the other regions. Total all-tau levels (HT7) were not 
significantly different between 2 × B vs. Ctl rats. Constitutively active GSK3β levels were not different between 
2 × B vs. Ctl in the FCtx, Hip, and Cere; however, they were lower in 2 × B vs. Ctl in the BS (p = 0.04). More in-
terestingly, there was an observable increase, though non-significant, in the level of pGSK3β (Ser 9) in all brain 
regions, indicating that the active phosphorylation of tau by GSK3β may have reached its peak already at the 
time point considered (15 days post-blast). In addition, we observed a significant decrease in PP2A-Bα levels in 
2 × B vs. Ctl in the Hip (p = 0.04) and BS (p = 0.02) and a slight, but non-significant, decrease in the Cere as well. 
Specifically, these results seem to be consistent with the increase of pGSK3β (Ser 9), which indicates a slowdown 
in active phosphorylation of tau at this specific time point and also as a possible switch to a more stable confor-
mation change of tau.

Effects of double blast exposure on injury associated protein expression (Figs. 4, 5, 6).  APP expression level was 
unchanged in the FCtx, Hip, and BS between 2 × B and Ctl rats, but was significantly increased in the Cere 
(p = 0.0028) (Fig. 4). This is in line with other explosive24 and shock tube driven25 blast exposure studies in both 
mice and rats which report increased APP protein expression in various brain regions by western blot evaluation.

There were no significant differences between 2 × B and Ctl rats in GFAP, Iba1, αII-spectrin (full length protein 
240kD) and both the 150kD and 120kD spectrin breakdown product levels across all examined brain regions 
(Figs. 5 and 6). There is a slight trend toward increase in the levels of GFAP and Iba1 in the blast group. These 
findings mirror those described by Baalman, et al.26. These authors demonstrated no differences from control in 
the same markers of injury in the cortex of rats 2 weeks following a single blast exposure.

Figure 3.   Tau and Related protein expression changes following Double Blast Exposure. (a) Histograms 
representing the densitometric ratio of levels of pTau (phosphorylated-Tau; AT8, CP13), total-Tau (HT7), 
kinases (GSK3β and pGSK3β), and phosphatase (PP2A-Bα) with respect to GAPDH as measured in the frontal 
cortex, hippocampus, cerebellum and brainstem in the brains of rats 15-days after an explosive-driven double 
blast (24 h apart) exposure, n = 6 per group, * indicates p values < 0.05 as determined by 2-tailed, unpaired, 
t-tests. Error bars represent standard error of the mean (SEM). (b) Representative western blots* for each 
antibody used. *For full length blots for each antibody, see Supplementary Fig. S10–S13 online.
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Neurohistological and Immunohistochemistry outcomes.  Examination of H&E stained sections 
across the entire brain revealed no obvious morphological differences between 2 × B and Ctl. There was no 
evidence of hemorrhages or any other neuropathological signs of overt injury (Supplementary Fig. S6 online).

Immunohistochemistry performed by using AT8, CP13, APP, GFAP, and Iba1 did not show any type of micro-
scopic brain lesion or abnormal protein accumulation (Supplementary Fig. S7—APP, and Fig. S8—AT8 online). 
This was not entirely surprising as many other groups have also reported no immunopositive staining for all of 
these selected proteins in either shock tube driven or explosive blast driven studies in mice, rats and swine25–30.

Discussion
To the best of our knowledge, this experimental investigation for the first time analyzed delayed (after 2 weeks) 
behavioral, neurological, molecular and possible early neuropathological consequences of an explosive-driven 
double blast exposure rat model. The strength of using explosives as opposed to gas-generated blast simulators 
consists in the fact that this type of blast represents a much more comparable battlefield environment in which 

Figure 4.   APP-A4 protein expression following Double Blast Exposure. (a) Histograms representing 
the densitometric ratio of levels of APP-A4 with respect to GAPDH as measured in the frontal cortex, 
hippocampus, cerebellum and brainstem in the brains of rats 15-days after an explosive-driven double blast 
(24 h apart) exposure, n = 6 per group. * indicates p values < 0.05 as determined by 2-tailed, unpaired, t-tests. 
Error bars represent standard error of the mean (SEM). (b) Representative western blots* for antibodies used. 
*For full length blots for each antibody, see Supplementary Fig. S10–S13 online.

Figure 5.   GFAP and Iba1 protein expression following Double Blast Exposure. (a) Histograms representing 
the densitometric ratio of levels of GFAP and Iba1 with respect to GAPDH as measured in the frontal cortex, 
hippocampus, cerebellum and brainstem in the brains of rats 15-days after an explosive-driven double 
blast (24 h apart) exposure, n = 6 per group. Error bars represent standard error of the mean (SEM). (b) 
Representative western blots* for each antibody used. *For full length blots for each antibody, see Supplementary 
Fig. S10–S13 online.
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to analyze the primary blast effects on the body and brain in particular. This notion has been recently confirmed 
by Kawa, et al.11, who conducted a direct comparison between a gas-driven blast tube vs. explosive driven blast 
tube. In our experiment, using a more realistic explosive blast-exposure approach, we were able to provide 
novel data on the different levels of pTau in different regions of a mammalian brain (rat) and, at the same time, 
provide measurements of phosphorylation and de-phosphorylation protein levels in those same brain regions 
in support of the tau-related biochemical changes observed. Interestingly, our tau data roughly correlates with 
a recent in vivo PET study done in veterans exposed to blast in Iraq and Afghanistan demonstrating increased 
tau-tracer (T807/AV-1451) uptake in frontal, occipital, and especially cerebellar brain regions31.

Another intriguing finding of our study was the increased levels of APP in the Cere. While we did not observe 
any diffuse axonal injury (DAI) lesions, the fact that there was an APP increase in the Cere could represent a very 
specific marker of blast lesion since this cerebellar APP increase is rarely observed in other pathological condi-
tions such as Alzheimer’s diseases (AD)32,33. In this case, a possible human study on Service Members exposed 
to blast using an APP tracer through PET-scanning could shed light on this specific aspect.

One of the most important findings of this study is the striking dissociation between the behavioral findings 
and elevated levels of pTau in Hip, Cere, BS (significant) and FCtx (trending) 2 weeks after explosive-driven 
double blast exposure. Previous studies have shown increased levels of pTau and some impairment in various 
behavioral outcomes in rodents after single or multiple gas or explosive driven blast exposures34–37. Each of these 
studies utilized lower pressures than 30 psi ranging from 6–21 psi, none used torso protection for the animals, the 
time post exposure ranged from 24 h to 30 days and they all reported behavioral changes along with increased 
pTau. Our findings, however, show increased levels of pTau 15-days post explosive-driven double 30 psi blast 
exposure while utilizing torso protection without any evident behavioral changes, at least for the functions/skills 
examined. We hypothesize that the neuropathological (molecular) changes initiated by increased levels of pTau in 
our specific model may not be clinically evident until a much later time point, that is, when a functional neuronal 
threshold has been crossed or additional neuropathological (histological) events accumulate (e.g. other blast 
events, a concussion, series of subconcussions). This “delayed blast-effect” hypothesis is in agreement with human 
epidemiological data showing that blast effects can indeed determine cognitive or psychiatric consequences much 
later after the initial exposure4. More specifically, we hypothesize that the possible persistence of higher pTau 
levels due to repetitive blast, along with other environmental or genetic factors could potentiate the initial blast-
induced molecular changes and determine, cumulatively, long-term neuropathological effects. These blast-related 
delayed effects could then generate the manifestation of neuropsychiatric symptoms (e.g. anxiety or memory 
disorders, post-traumatic stress disorder, depression and suicidal ideation) only at a later moment in time, which 
is indeed a situation frequently observed in blast-exposed Service Members months or years after deployment. 
However, our hypothesis needs future confirmation by studying shorter and longer-term behavioral, molecular 
and neuropathological aspects detected at time points starting from a few hours until 12–18 months post-blast.

Figure 6.   Spectrin and spectrin breakdown product expression following Double Blast Exposure. (a) 
Histograms representing the densitometric ratio of levels of full length spectrin (240kD) and spectrin 
breakdown products (SBDP 150kD and 120kD) with respect to GAPDH as measured in the frontal cortex, 
hippocampus, cerebellum and brainstem in the brains of rats 15-days after an explosive-driven double blast 
(24 h apart) exposure, n = 5* to 6 per group. Error bars represent standard error of the mean (SEM). *Only 5 
control samples available in this experiment. (b) Representative western blots* for each antibody used. *For full 
length blots for each antibody, see Supplementary Fig. S10–S13 online.
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Moreover, these dissociated molecular-behavioral findings seem to suggest a very complex relationship 
between tau phosphorylation phenomena across different brain regions and other possible parallel molecular 
changes including brain repair and clearance mechanisms, neuroplasticity or physiological compensatory mecha-
nisms. Discovering a one-to-one relationship between pTau increases and corresponding behavioral side effects 
may very much be a “right place, right time” situation. In support of that idea, our data suggest that the switch 
from activated kinases to deactivated kinases could be due to the fact that the phosphorylation of tau associated 
with GSK3β is transient and once a maximum level of phosphorylation is reached, it stops rather than moving 
to the hyper-phosphorylated states observed in other chronic neurodegenerative conditions. Similar results 
have been reported by Wang, et al.38 in rats following a single blast exposure where active GSK3β expression was 
stable and pGSK3β expression increased in the Hippocampus starting 1 day after blast and continuing out to 
only 6 weeks post-blast. This could be explained by the “buffering” or “clearance” activities of different cellular 
and subcellular systems activated in the brain as response to repeated traumatic events39. Furthermore, it would 
be relevant in the future to analyze other molecular aspects such as those associated with levels of phospho-β-
catenin or phospho-Akt reported after gas-driven double blast exposure40.

One caveat of our study is that we chose a single time point for evaluation. Future studies investigating the 
tau phosphorylation status and related enzymatic activities at earlier and later time points following single and 
multiple blast exposures will be needed to determine if the tau phosphorylation observed in our model is a 
reversible phenomenon (or not) and which molecular mechanisms control it. Intriguingly, though, several stud-
ies in mice have demonstrated reversible tau phosphorylation at later time points following varied stressors41–43.

Forthcoming analyses should also incorporate measurements from peripheral blood biomarkers. These bio-
markers could be used as signals of efficacy of specific pharmacological treatments that could delay, stop, or 
reverse the chronic long-lasting accumulation of pTau (if confirmed) and other possible pathological proteins 
in the brain related to exposure to blast. These blast-related tau phosphorylation phenomena, moreover, will also 
need to take into account a series of genetic and environmental factors such as sex, age, and pre-blast conditions 
that could contribute to further detrimental effects in addition to those triggered by the initial blast event on 
brain functions.

Methods
Experimental set‑up.  Animals.  24 male Sprague–Dawley rats (Charles River Laboratories, Wilmington, 
MA, USA), 250–320 g (2–3 months of age) at arrival, were used. All rats were pair housed in the animal vivarium 
in standard rat cages in a 12 h light/dark reverse light cycle room with food and water provided ad libitum. Rats 
were acclimatized to the vivarium for 3 days prior to any handling. Rats were handled according to a protocol 
approved by the Institutional Animal Care and Use Committee (IACUC) at the Uniformed Services University 
(USU, Bethesda, MD) in compliance with the PHS Policy on Humane Care and Use of Laboratory Animals, the 
NIH Guide for the Care and Use of Laboratory Animals, and all applicable Federal regulations governing the 
protection of animals in research.

Study time course.  Rats arrived approximately 21 days prior to the first blast day (Fig. 7). Following acclima-
tion to the vivarium for 3 days, rats were handled for 4 days and baseline evaluations were conducted on all rats 
from Day − 14 to Day − 1 prior to the start of blast or control procedures. Rats were weighed and divided into 2 
groups: explosive-driven double blast-exposed (2 × B) (rats exposed to two blast events, 24 h apart, n = 12) and 
sham control (Ctl) (rats exposed to an equivalent amount/quality of handling and anesthesia, but not to actual 
blast, n = 12). At Day − 14, rats began baseline behavioral tests for neurological functions (Neurological Severity 
Score, Neurobehavioral Scale, and an adapted Neurological Exam), cognitive function/spatial learning (Morris 
Water Maze), locomotor activity (Open Field), and gait analysis (Catwalk, Noldus Information Technology, Inc., 
Leesburg, VA, USA). Behavioral tests are described in detail below.

Figure 7.   Experimental Timeline. A schematic diagram of the time course for this study. Time interval between 
blasts is 24 h.
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Baseline evaluations concluded on Day − 1. On Day 0, rats were transported to the blast site for the first of 
2 blasts or blast-control exposures. Twenty-four hours later, rats were again transported to the blast site for the 
second exposure. From Day 1 to Day 14, rats were evaluated on the same behavioral tests used prior to the blast. 
On Day 15 all rats were euthanized. Blast exposures, related control procedures, and behavioral evaluations were 
carried out during the dark phase of a reversed 12-h light/dark cycle.

Blast conditions.  Blast site and transportation.  Rats were transported back and forth on two consecutive 
days from the USU vivarium to an US Army range within relatively short driving distance. This is an adjunct 
research site approved for use by the IACUC of USU, Bethesda, MD. Transportation was provided in a climate 
controlled van dedicated for animal transport. Temperature and humidity was monitored throughout transpor-
tation. Food and water in the form of gelatinized Napa Nectar (SE Lab Group Inc., Napa, CA, USA) was provided 
to the rats while in transport. Water bottles were returned to each cage upon arrival at the test site and upon 
return to the vivarium. While at the test site, the rats were kept within a climate controlled building which was 
located at a safe distance from the blast with food and water access.

Blast set up.  All blast exposures were carried out by contractors from ORA (ORA, Inc. Fredericksburg, VA). 
Blasts were generated within a 6′ diameter, 70′ long explosive-driven blast wave generator (BWG). This genera-
tor has been validated with a large animal (Yorkshire swine) model resulting in blast-induced injury at both the 
whole body and brain levels19–22. The BWG is comprised of 3 sections (Fig. 8a,b):

a.	 the driver section, about 3′ wide and 10′ long where the explosive charge is placed;
b.	 a 10′ long expansion cone;
c.	 a conduction chamber, 6′ wide and 50′ long where the target is placed.

The test rats were positioned off-axis from the explosive within cylindrical aluminum holders designed to 
minimize primary blast-related lung injury and tertiary (acceleration) blast mechanisms. In these holders, only 
the rat’s head and neck were exposed to the direct impact of blast’s shock waves. The head rested on a chin sup-
port fitted between two extensions from the holder. The exposed end of the holder was covered by a stretchable 
elastic sleeve to protect the head from superficial singeing by the blast’s rapid heat flash. The cylindrical aluminum 
holder was firmly attached to a diamond shaped holding fixture (Fig. 8C) within the shock tube, with the back 
of the rat and top of the skull facing the charge (Fig. 8D). The use of the BWG and holding fixture arrangement 
allowed for the use of significantly smaller explosive charges than would be required in an open air test event. 
Additionally, the experimental setup allowed for the exposure of the rats to a “pure” blast event without reflected 
shock fronts from the ground or other surfaces. The use of this setup also allowed for the isolation of the primary 
mechanism of injury by blast with placement of the rat outside of the fireball to prevent injury due to fragments 
or increased impulse generated by the higher density of the fireball. Pressure transducers were placed in close 
proximity to the rat and registered pressure as a function of time following blast, 2 side-on disk gauges to record 
incident pressure and 1 face-on gauge to record reflected pressure were used. The animals and pressure gauges 
were equidistant from the center of the cross section of the tube and from the source of the blast. The pres-
sure–time recordings were used to confirm the impulse generated by each blast (impulse being defined as the 
overpressure-time integral in the time interval between the initial pressure rise and the first return to ambient 
pressure)44.

Blast exposure.  Prior to blast exposure, twelve (12), rats were deeply anesthetized by i.p. administration of a 
mixture of ketamine (80 mg/kg) and xylazine (10 mg/kg) and placed into the cylindrical aluminum holder to 
minimize the blast impact on other organ systems. The holder was attached to the fixture within the conduction 
chamber as described above. Rats were exposed 2 at a time to a shock wave of about 30-psi (~ 207 kPa) incident 
overpressure and 8–10 ms positive-phase duration, as generated by the detonation of high explosive (sensitized 
liquid nitromethane) within the blast wave generator. The explosive charge was placed within the driver section 
of the tube at a 20′ distance from the fixed rat holder. Preliminary blasts (calibration shots) were carried out with 
pressure transducers, but without test rats, to establish the charges needed to obtain the target peak pressure 
of 30-psi (~ 207 kPa). We chose this pressure based on our pilot studies examining the dose response (20–50 
psi or 138–345 kPa) and lethality limits for single blast exposure in rats. These studies revealed that with torso 
protection, pressures around 30-psi (~ 207 kPa) provided the least amount of lung injury and greatest survival 
(unpublished pilot data, see Supplementary Fig. S9 online for lung injury comparison) and the lethality observed 
in torso protected rats exposed to a single blast between 25–35psi was 6% as compared with a lethality of 29% in 
torso protected rats exposed to a single blast between 42–50psi. In addition, it has been determined that 30-psi 
(~ 207 kPa) is also the threshold for lung injury in humans45. In the present study, each rat was exposed twice 
to a 30-psi blast wave, 24 h apart. We chose a time interval of 24 h since we had evidence from our pilot studies 
that rats exposed to a single 30-psi exposure have normal appearance and neurological behavior 24 h after the 
exposure (with the exception of acoustic deficit as tested with acoustic startle response, which normally recovers 
over the course of 4–6 weeks). Consequently, we decided that an interval of 24 h from the first exposure was the 
minimal acceptable time to avoid lethality from the second exposure.

Additionally, throughout our single exposure pilot studies at 30psi, no significant behavioral deficits (neu-
rological scores, open field, Morris water maze, rotarod, novel object recognition, Barnes maze) were observed 
from 24 h to 28 days post exposure. We did observe changes in Acoustic Startle Response in the acute recovery 
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phase which gradually returned to normal and a few gait related parameters which were also transient in nature, 
returning to normal after 2 weeks (pilot studies, data unpublished).

Control‑blast procedures.  Twelve rats were handled in the same way as the blast exposed rats, including trans-
portation and administration of anesthesia, but they were not exposed to blast.

Post‑blast procedures.  Following exposure to blast, rats were removed from the holders, brought back to the 
protected and climate controlled building, checked for immediate evidence of injury (bleeding from eyes, ears or 
nose, respiratory distress, burned/singed fur or whiskers), and allowed to recover from anesthesia in their home 
cages. Rats were continuously monitored for at least 2 h immediately after blast exposure or blast-control pro-
cedures. Once rats had recovered from anesthesia, they were also checked for neurological status (gait, reflexes, 
and signs of paralysis). All rats were brought back to USU, Bethesda, MD within 12 h of their departure. Rats 
were again monitored for pain and distress at the return to the vivarium, twice the following day and daily 
thereafter for the duration of the study. Rats were evaluated using the pain/distress scoring guidelines, based on 
a previously published scoring system46. Evaluation included changes in appearance, respiration, provoked and 
unprovoked behavior. Body weight was measured 1, 3, 7 and 14 days following exposure to blast.

Figure 8.   Blast tube parameters. (a) A diagrammatic scheme of the blast-tube used for this study. (b) The 
exterior aspect of the explosive-driven blast-tube used for this experiment. (c) A cross section of the inside of 
the BWG at the level of the rat holder and pressure gauges. This picture is taken from the perspective of the 
explosive charge located in the driver section of the BWG. In this picture, the rat holder is placed on the lower 
corner of the frame; disk pressure gauges are placed on the remaining three corners for the recording of incident 
(side-on) pressure. A “face-on” gauge, for the recording of reflected pressure, is fitted at the tail end of the rat 
holder (visible as a small spot at the left end of the holder in the picture). Rat holder and pressure gauges are 
equidistant from the explosive charge. During the actual blast exposures, rats were placed 2 at a time in the 
frame at the top and bottom vertices with the disk pressure gauges on the right and left vertices. (d) Schematic of 
the aluminum rat holder and rat position within the holder from the perspective of the explosive charge.
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Behavioral evaluations.  Neurological functions.  All rats were evaluated for basic neurological function 
at baseline during the 2 weeks prior to blast and again at Day 1, Day 4, Day 7 and Day 14 post-blast or associated 
control procedures. The following neurological scales were used on all animals in the study: Neurological Sever-
ity Score, NSS47, Neurobehavioral Scale, NBS48, and an adapted Neurological Exam49. The three neurological 
damage scales assess a range of basic reflexes including righting, startle, balance as well as general movement 
and muscle tone.

The NSS is scored either 1 (unable) or 0 (able) and examines the ability of the rat to perform in the following 
tasks. 1) Exit from a circle 50 cm in diameter. 2) Righting reflex. 3) Hemiplegia. The rat is pushed back and forth 
at the shoulders and should resist equally in both directions. A point is given if resistance is not equal. 4) Hind 
limb flexion. A normal rat when raised by the tail will extend both hind limbs, reaching upwards. If the rat flexes 
a hind limb, a point is given. 5) Walk in a straight line and ability to move. A point is allotted for each function. 
6) Startle reflex to a loud noise about 20 cm above the rat’s head. The rat should flinch heavily. If it does not, a 
point is given. 7) Pinna reflex to touching the external auditory meatus with a cotton tipped ear swab. If the rat 
does not shake its head back and forth, a point is assigned. 8) Seeking behavior and ability to stand. If a rat has 
lost its seeking behavior (a normal rat will walk around and sniff unknown objects), the rat receives a point. If 
the rat is prostrated, another point is given. 9) Placing reflexes. The rat is lifted 5 cm off the ground by the tail and 
back. The animal should “reach” for the ground and place its limbs on the floor with palms facing the ground. 
A point is allotted for each limb’s inability to place. 10) Balance beam and beam walking. The rat is placed on a 
1.5 cm wide beam. A point is given if the rat falls off within 60 s, another point if that fall was within 40 s, and 
another point if that fall was within 20 s. The rat is then placed on beams 2.5 cm, 5.0 cm, or 8.0 cm in width. A 
point is given for failure on any width.

The NBS is divided into four categories. Rats are graded on a scale of 0–4, with 4 being normal and 0 being 
non-functional. The categories are: (1) Forelimb flexion upon suspension by tail. (2) Decrease resistance to lat-
eral pulsion. (3) Circling behavior upon spontaneous ambulation and (4) Ability to stand on an inclined plane.

The final scale is very simplified neurological exam. A grade of 0 is given to a normal rat. A grade of 1 is given 
to a lethargic rat. A grade of 2 is given to a rat with clear signs of paresis, but with the ability to walk. A grade of 
3 is given to a rat with the inability to walk. A grade of 4 is given to a dead rat.

Locomotor activity.  A general evaluation for locomotor activity was measured using the Open Field Test. Rats 
were tested at baseline during the 2 weeks prior to blast and again at Day 2 after the last blast exposure or associ-
ated control procedure. Rats were placed in a circular arena (74 cm diameter × 16.5 cm wall height) with bed-
ding and allowed to explore for 5 min. Tests were conducted in ambient lighting and the bedding was mixed 
between animals to evenly distribute any smells carried over from the previous runs. Activity while in the arena 
was videotaped and then analyzed using the Any-Maze video tracking system (Stoelting Co., Wood Dale, IL, 
USA). Time spent immobile, total distance travelled and speed were assessed. Open Field analysis was only con-
ducted at a single time point following blast or control related procedures to try to reduce habituation to the test 
environment23. Data was expressed as percent of baseline on Day 2 post blast, n = 12 per group.

Spatial learning.  Cognitive function as measured by spatial learning ability was evaluated using the Morris 
Water Maze (MWM). Rats were trained and tested at baseline during the 2 weeks prior to blast and again at Day 
2, 5, 8, and 13 post-blast or associated control procedures. The maze consisted of a water tight pool approxi-
mately 135 cm in diameter and 60 cm deep. The pool was equipped with a built in heater and thermostat to con-
trol the water temperature. The water temperature was kept at approximately 22–24 °C. It was filled with water 
to a depth of approximately 50 cm. A circular platform approximately 12.5 cm in diameter was placed 1.5 cm 
below the surface of the water. The water was made opaque by adding 250 ml of white non-toxic paint to the 
pool (Washable Poster Paint, Palmer Paint Products Inc., Troy, MI, USA). Large shapes were placed on each wall 
around the room to provide visual cues to the rats to help find the platform. The platform was placed in one of 
four quadrants of the pool, not in the center. The test was conducted in a dimly lit room to reduce reflections on 
the water surface. The test was videotaped and evaluated using the Any-Maze video tracking system (Stoelting 
Co., Wood Dale, IL, USA).

Each training or test day consisted of 5 trials conducted as follows: the rat was released into the pool with the 
nose facing the wall of the pool from 1 of 5 directional locations around the pool (N, S, E, W, and either NE, NW, 
SE or SW) chosen at random. The rat was allowed to swim up to 120 s in order to find the hidden platform. If 
the rat failed to find the platform in that time, it was gently guided to the platform. Once on the platform it was 
allowed to remain there for 30 s. The rat was then picked up gently and quickly dried with a towel and placed in 
a cage lined with a water-circulating heat pad set to 25 °C and dry towels. The rat remained in the warmed cage 
for 60 s before the start of the next trial. At the completion of the trials for the day, each rat was thoroughly dried 
and placed in the warmed cage for several minutes before being placed back into its own home cage. The platform 
position remained the same during the training sessions, but was changed at the beginning of the baseline and 
each post-blast test session. Position of the platform was changed to evaluate how well the rats learned the task 
to find the hidden platform and then within each day how quickly they memorized the new location. Latency to 
find the platform was recorded for each trial and a daily average latency was analyzed for each rat.

Gait.  Gait analysis was carried out using the CatWalk XT 9.1 automated digital gait analysis system (Noldus 
Information Technology, Inc., Leesburg, VA, USA). Rats were tested at baseline during the 2 weeks prior to blast 
and again on 3, 6 and 14 days after exposure to blast or associated control procedures. The apparatus consists of 
a 1.3-m-long glass plate illuminated from below with dim fluorescent light and from above with red light. The 
walkway is enclosed on either side by solid black walls. In a darkened room, rats are encouraged to voluntarily 
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walk along the platform. As the paw contacts the glass, the light is reflected producing illuminated footprints 
which are captured by a high speed video camera from below the glass surface. The software visualizes the prints 
and calculates statistics related to print dimensions and the time and distance relationships between footfalls50,51. 
Rats were first acclimated to the darkened room for 15 min and then individually placed on the walkway. They 
were allowed to walk freely back and forth across the platform and had to complete a minimum of 3 passes of 
the walkway at each test day. Footprints could be captured in either direction. Walk speed variation of 60% as 
recorded by the software was the cutoff level for an acceptable pass of the walkway. The apparatus was cleaned 
between each animal. Analysis of foot prints, as recorded during the test, were used to assess several endpoints, 
including: print length, width and area; stance phase (time paw is in contact with glass surface), mean intensity 
(pressure of paw on the surface); swing time and swing speed (time paw is not in contact with glass surface and 
the speed between 2 consecutive placements of the same paw), stride length (distance between 2 consecutive paw 
placements of the same paw); front and hind base of support (distance between front or hind limbs respectively); 
cadence (frequency of steps); regularity index (interlimb coordination); average speed and number of steps52.

Tissue collection.  On Day 15, rats were deeply anesthetized by i.p. administration of a mixture of ketamine 
(80 mg/kg) and xylazine (10 mg/kg). Upon absence of muscle reflex from a toe pinch, rats were euthanized via 
thoracotomy and half of the rats from each group (2 × B, n = 6 and Ctl, n = 6) were perfused transcardially with 
0.9% saline for 5 min, brains removed and flash frozen in chilled isopentane and stored at  − 80 °C for protein 
analysis. The other half of rats (2 × B, n = 6 and Ctl, n = 6) were transcardially perfused with 0.9% saline followed 
by cold fixative solution made up of 0.1 M phosphate buffer, pH 7.4 and 4% paraformaldehyde for 5 min. Brains 
were removed and post-fixed in the same fixative overnight at 4 °C. The next day brains were transferred to 20% 
sucrose for cryoprotection and kept at 4 °C until they equilibrated with the solution (sunk to bottom). Brains 
were then flash frozen in chilled isopentane, and stored at − 80 °C for future use.

Protein extraction and western blot (WB) procedures.  Fresh frozen brains were cut at 100 µm thick 
sections on a cryostat and 4 brain regions, Frontal Cortex (FCtx), Hippocampus (Hip), Cerebellum (Cere), and 
Brainstem (BS) were carefully microdissected from these sections53. Dissecting the brain in different regions 
allowed us the opportunity to possibly observe different levels of vulnerability across different anatomical regions 
of a mammalian brain. Approximately 100 mg of tissue was collected from each region. Samples were homog-
enized in glass dounce homogenizers with ice cold lysis buffer (1 ml/100 mg tissue) containing the following: 
50 mM Tris–HCl (pH 8), 1% Igepal, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM NaF, 1:100 protease 
inhibitor cocktail (Sigma-Aldrich, P2714, St. Louis, MO, USA). Samples were centrifuged at 12,000 g for 20 min 
and supernatants collected, aliquoted and frozen at − 80 °C. Total protein content from each brain region was 
determined using the Micro BCA assay (Thermo-Fisher Scientific, 23235, Waltham, MA, USA). 20 µg of protein 
per sample, for all brain regions listed, were loaded on Novex Nupage 4–12% Bis–Tris Gels (Life Technologies, 
NP0329, Carlsbad, CA, USA) and were electrophoresed at 200 V constant for 30 min. For high molecular weight 
proteins (αII-Spectrin, 240 kD and SBDP, 120 and 150 kD), 20 μg of protein per sample was loaded on Novex 
Nupage 3–8% Tris Acetate Gels (Life Technologies, EA03785, Carlsbad, CA, USA) and were electrophoresed 
at 150 V constant for 60 min. Gels were transferred to PVDF membranes using the iBlot2 dry transfer method 
(Life Technologies, IB21001, Carlsbad, CA, USA). Membranes were blocked in 5% milk in 1 × TBST for 1 h at 
room temperature. Primary antibodies (see Primary antibodies section below) were diluted to the appropriate 
working concentrations in 5% milk in 1 × TBST or in 1 × TBST alone (for AT8 only) and incubated on the mem-
branes overnight at 4 °C. Membranes were then rinsed 3 × 5 min in TBST. Appropriate HRP tagged secondary 
antibodies (see Secondary antibodies section below) were diluted 1:2000 in 5% milk in 1 × TBST or in 1 × TBST 
alone (for AT8 only), and incubated on the membranes for 1 h at RT. Membranes were rinsed 3 × 5 min in TBST 
and 1 × 5 min in TBS. Membranes were incubated with chemiluminescent substrate (SuperSignal West Pico 
Chemiluminescent Substrate, Thermo-Fisher Scientific, 34577, Waltham, MA, USA) for 1 min and imaged on 
the LiCor C-Digit Blot Scanner (LiCor Biosciences, Lincoln, NE, USA). All membranes were stripped one time 
with Restore Plus Stripping Buffer (Thermo-Fisher Scientific, 46430, Waltham, MA, USA), for 10 min, rinsed 
with TBS and processed for immunoblotting as described above using GAPDH (1:40,000, Millipore-Sigma, 
AB2302, Billerica, MA, USA) for the loading control. Densitometry was performed with NIH ImageJ software 
(2.0.0) with all protein signal intensities normalized to GAPDH signal intensity.

Primary antibodies.  To examine possible abnormal levels of soluble phosphorylated-tau (pTau) at different 
epitopes, the levels of AT8, which recognizes tau phosphorylated at S-202 and T-205 (1:500, Thermo-Fisher 
Scientific, MN1020, Waltham, MA, USA) and CP13, which recognizes tau phosphorylated at S-202, (1:250, 
Gift of Peter Davies’ Lab, Albert Einstein College of Medicine, Bronx, NY, USA), were measured. In addition, 
to examine levels of soluble total-Tau, the level of HT7, which recognizes the full length isoform ~ 79kD (1:500, 
Thermo-Fisher Scientific, MN1000, Waltham, MA, USA), was measured. Moreover, we explored expression 
levels of kinase and phosphatase enzymes associated with the phosphorylation state of tau by measuring GSK3β, 
a constitutively active kinase responsible for phosphorylation of tau (1:500, Santa Cruz Biotechnology, sc-53931, 
Dallas, TX, USA)54,55, pGSK3β (Ser9), the deactivated kinase (1:500, Santa Cruz Biotechnology, sc-373800, Dal-
las, TX, USA)56,57, and PP2A-Bα, a primary tau phosphatase (1:500, Millipore-Sigma, 05–592, Billerica, MA, 
USA)58,59.

In addition, we measured levels of proteins known to be associated with neuronal injury and neuroinflam-
matory response: glial fibrillary acidic protein (GFAP) (1:1000, Leica Biosystems, NCL-L-GFAP-GA5, Newcastle 
Upon Tyne, UK), a marker for astrocytes and related neuroinflammatory phenomena60, ionized calcium-binding 
adapter molecule 1 (Iba1) (1:1000, Abcam, ab178847, Cambridge, MA, USA), a marker for microglial cells and 
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their related activation61, and αII-Spectrin and its associated caspase and calpain mediated spectrin break-
down products (150kD and 120kD respectively) (1:40,000, Millipore-Sigma, MAB1622, Billerica, MA, USA) 
for their association observed in some TBI models62–66. Lastly, we measured levels of amyloid precursor protein 
(APP) (1:1000, Millipore-Sigma, MAB348, Billerica, MA, USA), a marker associated with diffuse axonal injury 
(DAI)25,67–73.

Secondary antibodies.  The following HRP tagged secondary antibodies were used: Goat anti-mouse (1:2000, 
Abcam, ab97040, Cambridge, MA, USA), Goat anti-rabbit (1:2000, Abcam, ab97080, Cambridge, MA, USA), 
Goat anti-rat (1:2000, Thermo-Fisher Scientific, 62–9520, Waltham, MA, USA), and Rabbit anti-chicken (1:5000, 
Millipore-Sigma, AP162P, Billerica, MA, USA).

Neurohistologic and immunohistochemistry procedures.  Whole fixed frozen brains were divided 
into 5 blocks from frontal to caudal and each block serially sectioned in the coronal plane at 20 μm on a cryostat. 
Sections were mounted directly onto superfrost plus slides (Fisher Scientific, 12–550-15, Pittsburgh, PA, USA), 
2 sections per slide.

Standard protocols were followed for staining with hematoxylin and eosin (HE) (Thermo Scientific, 6765001 
and 6766009, Waltham, MA, USA) to identify possible gross morphological or neuropathological changes. 
Immunohistochemical analyses were performed using AT8, (1:250, Thermo-Fisher Scientific, MN1020, Waltham, 
MA, USA), CP-13, (1:100, Gift of Peter Davies’ Lab, Albert Einstein College of Medicine, Bronx, NY, USA), APP 
(1:200, Millipore-Sigma, MAB348, Billerica, MA, USA), GFAP (1:250, Leica Biosystems, NCL-L-GFAP-GA5, 
Newcastle Upon Tyne, UK Carlsbad, CA, USA) and Iba1 (1:100, Wako, 019-19741, Richmond, VA, USA). Slides 
were rinsed 3 × 5 min in 1 × PBS then incubated in endogenous peroxidase blocking solution (1 × PBS + 0.3% 
H2O2 + 0.001% Methanol) for 15 min at RT. Slides were rinsed 3 × 10 min in 1 × PBS then incubated in blocking 
solution (1 × PBS + 4% normal horse serum + 0.1% Triton X-100), for 1 h at room temperature. Primary antibod-
ies were diluted to appropriate concentrations in 1 × PBS + 3% normal horse serum and incubated on the slides 
overnight at 4 °C. Slides were rinsed 3 × 10 min in 1 × PBS then incubated with appropriate biotinylated secondary 
antibody solution (R.T.U. Biotinylated horse-anti-rabbit or horse-anti-mouse IgG, Vector Laboratories, BP-1100 
and BP-2000), Burlingame, CA, USA) for 1 h at RT. Slides were rinsed 3 × 10 min in 1 × PBS, then incubated with 
Vectastain Elite ABC Reagent followed by DAB chromogen according to manufacturers’ instructions (Vector 
Laboratories, PK-6100 and SK-4100, Burlingame, CA, USA) to visualize immunolabeling. Slides were counter-
stained with hematoxylin, dehydrated through a series of alcohols (70%, 95%, 100% 2 × 2 min each) followed by 
xylene (2 × 5 min), coverslipped with Permount (Fisher Chemical, SP-15, Fair Lawn, NJ, USA) and allowed to 
dry. Slides were examined on an Axio Imager microscope (Carl Zeiss Microscopy, Thornwood, NY, USA) and 
scanned on an Aperio AT2 slide scanner (Leica Biosystems, Buffalo Grove, IL, USA).

Statistics.  Data from WB densitometry and Open Field were analyzed by 2-tailed, unpaired t-tests. Data 
from Morris Water Maze and CatWalk were analyzed by 2-Way Repeated Measures ANOVA with Sidak’s Multi-
ple Comparisons post-hoc test. Differences with p value < 0.05 were considered significant in all cases. Statistical 
tests were performed using GraphPad Prism version 7.03 for Windows (GraphPad Software, La Jolla, CA).

Ethics approval.  All animal work was approved by the Institutional Animal Care and Use Committee at the 
Uniformed Services University (USU, Bethesda, MD, USA) in compliance with the PHS Policy on Humane Care 
and Use of Laboratory Animals, the NIH Guide for the Care and Use of Laboratory Animals, and all applicable 
Federal regulations governing the protection of animals in research.

Data availability
The datasets used and/or analyzed during the current study and supporting the conclusions of this article are 
included in this article and in all supplementary materials provided. These datasets are also available from the 
corresponding author on reasonable request.
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