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Energy distribution in modern technosphera, and particularly the 21st century warfare, has led to a significant increase of human exposure to blast overpressure (OP) impulses. Blast forces, even of low magnitude, are believed to produce minor but sustained neurological deficits, and when repeated, can lead to neuro-somatic damage and neurodegeneration. Most prominent changes may occur at the level of intercellular circuits that involve neurons, glia, vascular cells and neural progenitors.  

Reproducible models of military-relevant blast injury, including generators which precisely control parameters of the blast wave have been developed and examined. Our studies demonstrated the importance of positional orientation of head and whole body toward blast wave in animal models. Here, we compare the effects of body/head exposure to a moderate primary overpressure (OP) with brain injury produced by a severe blast accompanied by strong head acceleration. 

The high speed imaging demonstrated the interaction of blast wave with animal head/body and revealed a negligible degree of acceleration at rat positioning  ‘off-axis’ toward shock tube (primary blast) compared to ‘on-axis’ experimental setup accompanied by strong head/cervical acceleration. We examined brain expression of glial and neural markers including GFAP and revealed strong glyosis accompanied by a time-dependent proliferation of activated astrocyte and oligodendrocyte lineages after exposures to primary and ‘composite’ blast.  GFAP and neuronal markers UCH-L1 and NSE were also detectable in plasma/serum after blast exposures. Serum levels of IL-1 and IL-10 were significantly elevated, predominantly after primary blast exposure reflecting systemic body responses.  Brain up-regulation of cell adhesion molecules L- and E-selectins, nerve growth factor beta-NGF and neuronal receptor Neuropilin-2 was also detected. 

A specific dynamics of corresponding biomarkers in serum was established and characterized. For major pathway’s signatures and biomarkers, the detected levels raised at all the setups studied. However, the most significant and persistent changes in neuro-glial markers were found after composite blast, while primary blast instigated prominent systemic/vascular reactions, particularly when the total animal body was subjected to blast wave.

In conclusion, several crucial pathogenic components of neural and systemic responses were raised in a time-dependent and setup-dependent fashion. We suggest that the mechanisms underlying blast brain injuries, particularly mild and moderate, may be triggered by systemic, cerebrovascular and neuro-glia responses as consecutive but overlapping events.   
Introduction
Medical, Social and Military Importance
The nature of warfare in the 21st century has led to a significant increase in primary blast or over-pressurization component of body injury which manifests as a complex of neuro-somatic damage, including traumatic brain injury (TBI), and often accompanied by posttraumatic stress syndrome (PTSD). Blast-related coalition fatalities, including IED, RPG, and rocket attacks, outnumber conventional fatalities during the last several years in Iraq and Afghanistan (Fig. 1, http://www.icasualties.org/). Moreover, for every blast-related fatality, many more soldiers suffer multiple, non-lethal blast exposures. This often leads to mild traumatic brain injury (mTBI), which is rarely recognized in a timely manner and has become a signature injury of the Iraq and Afghanistan conflicts 
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.  
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Figure 1: Blast-related fatalities during OIF/OEF.
Blast forces, particularly those that are repeated and low magnitude, are believed to produce minor but sustained disorders when neural damage cannot be detected or diagnosed by existing methods. Symptoms of mild or moderate blast brain injury often do not manifest themselves until sometime after the injury has occurred 
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 and go undiagnosed and untreated because emergency medical attention is directed towards more visible injuries such as penetrating flesh wounds 
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. However, even mild and moderate brain injuries can produce significant deficits and when repeated can lead to sustained neuro-somatic damage and neurodegeneration (4). Although exposure to repeated low level blasts is a common feature of war zones personnel/civilian population (OEF/OIF), the cumulative effect of multiple blasts on brain injury has not been investigated. 

Data from our laboratories 
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(10, 11)
 and others suggest that the mechanisms underlying such ‘minor’ injuries appear to be distinct from those imposed by mechanical impact or acceleration. Thus, identifying pathogenic mechanisms and biochemical markers of blast brain injury is vital to the development of diagnostics for mTBI through severe TBI. Validation of diagnostics and grading brain injury depending on the cumulative blast load will provide a dose-injury scale for personnel monitoring on the battlefield using portable blast “dosimeter” and/or a point of care diagnostic device.

Methodology and Results

Experimental Models for Studies of Blast Injury
Exposures to blast waves have the potential to inflict multi-system, including neurotrauma, as well as life threatening injuries to many personnel simultaneously (see (4) for review). It is generally accepted that primary blast injuries are generated as the over-pressurization wave propagates through the body causing damage at gas-fluid interfaces (12). The types of injuries inflicted include pulmonary barotraumas, tympanic membrane ruptures and middle ear damage, abdominal hemorrhage and perforation, rupture of the eye balls, and concussions (13).

A number of investigations have employed compressed air-driven shock tubes and nitrogen-driven blast wave generators for blast exposures of various animals (e.g. rats, mice, rabbits) to address mechanisms of injury 
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(14-20)
.  Small animals are placed in orthopedic stockinet slings, and large animals in open mesh Nylon TM slings, and subjected to blast exposure at varying distances and body orientations with or without a supportive/reflective plate behind the animal.  
Our shock tube was designed and built to model a freely expanding blast wave as generated by a typical explosion (see 11 for details).  Blast injury modeling framework is shown in Fig. 2.  Modular design allows for the flexibility to perform various types of tests: design is lightweight while maintaining necessary strength and stiffness. Data were acquired with PCB dynamic blast pressure transducers and LabView 8.2. Images were captured at 30 fps  (frames per second) resolution. National Instruments 500,000 samples/sec data acquisition card were used to acquire data on multiple channels. Following the diaphragm rupture, the driver gas sets up a series of pressure waves in the low pressure driven section that coalesces to form the incident shockwave. In our shock tube, the burst pressure of the diaphragm separating the driver and driven sections do not change.   Repeatability of diaphragm burst pressure was accomplished through the use of a cutter assembly directly in front of the diaphragm.  Preliminary tests were conducted without animal specimens to optimize the peak overpressure (OP) and exposure time to accurately reproduce blast events: driver pressure and volume, diaphragm material, and shock tube exit geometry. Both static and dynamic (total) pressure was measured using piezoelectric blast pressure sensors/transducers positioned at the target. The shockwave recorded by blast pressure transducers in the driven section and at the target showed three distinct events: (i) peak overpressure, (ii) gas venting jet and (iii) negative pressure phase. Peak overpressure, positive phase duration, and impulse are the key parameters that correlate with injury and likelihood of fatality in animals and humans, for various orientations of the specimen relative to the blast wave 
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. After the pressure history is recorded and the sensors removed, the animal can be carefully positioned at the same location and the test repeated, since it has been previously demonstrated that the proposed shock tube design has excellent repeatability characteristics. 
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Figure 2: Overview of shock tube and experimental blast model facility at Banyan Biomarkers, Inc.   

However, because of inconsistent designs among blast generators used in the different studies, the data on brain injury mechanisms and putative biomarkers have been difficult to analyze and compare. The main problem is that following blast peak overpressure, shock tubes immediately produce ‘venting gas jet’, substantially contaminating the blast wave (Fig. 3). Due to the complex nature of the blast event, the brain injury is a result of a combined impact of the “composite” blast including all 3 major phases of a shockwave shown in Fig. 3 A and B. Gas venting jet, albeit lower in magnitude than peak overpressure, lasts the longest, and represents the bulk of blast impulse and possibly produces the most devastating impact. We demonstrated previously a strong downward head acceleration following the passage of peak overpressure which lasts ~36 µsec (11). However, cranial deformation was more severe during the gas venting phase, lasting up to ~5-6 msec (Fig. 3A). These findings points to a potential flaw in several previous studies described in the literature: animal specimens are usually placed along the axis of the shock wave generator. In such location, the venting gas jet creates a much larger impulse (energy transfer) in the specimen than the peak overpressure itself.  This effect can be virtually eliminated by placing rats off-axis from the venting jet in a way that the main effect acting on the specimen is the peak overpressure event. 
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Figure 3: Components of shock tube-generated shock wave. A: Peak overpressure and venting 
gas measured by PCB dynamic pressure sensors, and B: Rat head positioning relative 
to shock tube and visualization of shock wave using Schlieren optics.
Normal explosions produce blast winds that follow behind the incident shock. This effect is mimicked by shock tubes as the wave spherically expands. However, gas venting impulse is hard to control and it is probably not associated with the physics of primary blast event. A novel solution to address this problem is to place the target at an off-axis angle to avoid the venting altogether (Fig. 4). 
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   Figure 4: Two general experimental set-ups for rat’s exposure to shock tube-generated blast waves.  A: on-axis of shock tube nozzle position: peak overpressure + venting gas produce head acceleration ‘Composite blast’; B: off-axis position: blast wave peak overpressure only hitting 
rats; C graphic representation of two different set-ups; and D: Calibration of pressure 
on rat head depending on the angle and distance from the nozzle of shock tube.  

The changing local speed of sound behind the wave causes the duration to increase with distance. For example, the 45° data shows duration increases from 53.1 to 85.3µs as the distance increases from 2D to 4D. By varying pressure settings, driven and driver lengths, and specimen location, independent control of blast overpressure, duration, and impulses may be achieved. Two different set-ups is shown in Fig. 4. We exposed rats to blast wave of a precisely controlled magnitude, duration and impulse at the surface of rat at various orientations of head to the blast wave with open or armored body: on axis and off-axis.

Molecular Components/Biomarkers of Blast-Induced Injury in Rats  
General hypothesis is that blast-induced brain injury is triggered and mediated by systemic, cerebrovascular, neuroinflammatory, neuroendocrine and neuro-glial responses as consecutive but overlapping events. Based on our previous global and targeted proteomic data, the following molecular components and injury biomarkers were assessed. Systemic/vascular responses: interleukin-1 and interleukin-10 (IL-1, IL-10), soluble intercellular adhesion molecule-1 (sICAM-1), L- and E-selectins. Glyosis was assessed by astrocytic marker GFAP and oligodendrocyte marker CNPase in both brain tissue and as biomarkers in serum. Neuronal injury was evaluated using brain tissue silver staining and serum levels of ubiquitin-C-terminal hydrolase UCH-L1 and Neuron-specific enolase (NSE). Neuroregenerative processes were evaluated by measuring brain tissue and serum levels of neuropilin-2 (NRP-2), receptor for VEGF and semaphorins. 

Methods and Experimental Procedures.
  Neuroinjury and neurodegeneration was evaluated in the perfused and fixed brains using silver staining procedures at Neuroscience Associates (Knoxville, TN) utilizing the deOlmos Amino Cupric Silver Stain (http://www.neuroscienceassociates.com/Stains/silver_degen.htm). In addition, silver staining Kit from FD NeuroTechnologies was used where indicated (Ellicott City, MD). GFAP and CNPase immunohistochemistry was performed using mouse mAbs (Cell Singaling) and visualized using DAB Vector Labs Kit.  Serum content of IL-1, IL-10, Integrin α/β, L- and E-selectins, Fractalkine, and Neuropilin-2 were measured using rat Quantibody  array (Ray Biotech, GA USA). Also,  sICAM and L-selectin were quantified independently using SW ELISA Kits. In addition, Neuropilin-2 and CNPase levels in serum and expression in brain was analyzed by Western blot with corresponding antibodies (Cell Signaling, Abcam) and bands were calculated using ImageJ software. Amounts of GFAP and UCH-L1 in serum were determined using SW ELISA Kits developed at Banyan Biomarkers, Inc., and NSE was assayed by rat-specific SW ELISA (Life Sciences Advanced Technologies, Saint Petersburg, FL). 
Silver Staining of Neurodegeneration Level in Rat Brain after Different Blast Exposures
Rats were subjected to (i) ‘composite’ head-directed severe blast exposure (52 psi/10 msec total ) on axis (body protected) accompanied by strong head movement; (ii) off-axis (30’ degree) exposure to the blast of same shock tube settings resulted in 33.9 psi peak overpressure at the middle of frontal head (Fig. 4 C) lasted for 113 microseconds; and (iii) controlled cortical impact (CCI) of 2.0 mm depth. 

As can be seen in Fig. 5, on-axis blast produces significant silver accumulation at 7 day post-blast, particularly in hippocampus (indicated by arrows). CCI also results in positive staining in ipsilateral cortex and hippocampus.  In contrast, there was a rare occurrence of silver accumulation observed in cortex or hippocampus after exposure to primary blast (arrowhead). 
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Figure 5: Silver staining in coronal sections of midbrain (mesencephalon). Positive silver accumulation accumulation is indicated by arrows. Inset (cortex composite) shows degenerated neuron. Arrowhead 
in hippocampus after primary blast points on possible silver accumulation in the cell.    
Serum Levels of NSE and UCH-L1 as Biomarkers of Neuronal Injury after Different Blast Exposures
Rats were exposed to on-axis single composite blast of 52 psi, 10 msec total duration of positive phase + venting gas. Serum NSE (Fig. 6A) and UCH-L1 (Fig. 6B) were measured using SW ELISA Kits. 
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Figure 6: NSE and UCH-L1 accumulation in blood after different types of blast exposure. A, B: serum NSE 
and UCH-L1 after on-axis ‘Composite blast’; C, D: serum NSE and UCH-L1 after off-axis primary blast. 
Mean + SEM are shown of at least 3 rats per point from each  group performed in duplicate. Unpaired t-test was employed to analyze statistical significance of values.  *p<0.05, ** p<0.01; ***, p<0.005.
The same settings of shock tube were used to challenge rats to off-axis primary blast (30o degree from nozzle) with PO 33.9 psi, duration of 113 µsec registered at the head with body covered or unprotected as indicated.    
NSE was significantly elevated in serum within first 24-48 hours after composite blast (Fig. 6A), and the increase trend persisted up to 14 day although was not statistically significant (n=4 rats in each group). In this set of experiments, NSE SW ELISA Kit (Alpha Diagnostics), which was not specifically designed for rat NSE, was employed. In the subsequent sets of experiments (Fig. 6C), we used NSE SW ELISA Kit from Life Sciences Advanced Technologies designed to detect specifically rat NSE. As can be seen in Fig. 6A, remarkable accumulation of NSE was detected in serum within 6 hours following exposure to either ‘composite’ or primary blast. NSE increase sustained up-to 14 days post-blast interval. Serum UCH-L1 elevated at 24 hours after ‘composite’ blast followed by a rapid decline (Fig. 6B). Increases in serum UCH-L1 were not statistically significant after a single primary blast exposure (n=4), although an elevation trend could be detected (Fig. 6B). Studies of NSE and UCH-L1 as serum biomarkers after multiple blast exposures of various magnitude are under way.

Serum Levels of GFAP as Marker of Glyosis (Astrocytes)
GFAP was increased within 24 hours after composite blast and rapidly returned to baseline at 4-14 days (Fig. 7A). While there was a significant increase of GFAP after primary blast at body protected and open (partially), the magnitude of increase was lower than after composite blast. In contrast, the GFAP increases lasted for 7 days following primary but not composite blast exposures (Fig. 7 A, B). 
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Figure 7: GFAP levels in blood after different blast exposures. A: serum GFAP 
after on-axis ‘Composite blast’; B: serum GFAP after off-axis primary blast. 
On axis: Unpaired t-test was employed to analyze statistical significance of values. (*-p<0.05; **-p<0.01). Off axis: t-test with Welch correction was done. (*-p<0.05), Mean + SEM of values from 3 to 5 rats per point is shown.
Cytokine/Chemokine Responses after Blast Exposures
We hypothesized that systemic and neuroinflammmation together with impaired vascular reaction in the brain, result in enhancement of endothelial permeability/leakage, infiltration of macrophages from circulation and activation of brain-resident microglia cells:

As can be seen in Fig. 8, both pro-inflammatory (IL-1) and counteracting anti-inflammatory molecules (IL-10) accumulate in circulation at 24 hour after open body  exposure to frontal (off-axis) blast. 
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Figure 8: Serum IL-1 and  IL-10 at different times post-blast on- and off-axis. 

Note: the most prominent response occurs when OP wave ‘flows inside the brain’- off axis frontal exposure with open body.   *=p<0.05 vs. naïve/sham was considered as statistically significant according to unpaired t-test, NS-Not significant.
These results are in agreement with data obtained using non-blast TBI models 
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(25)
. Moreover, CX3CL1 chemokine Fractalkine was also significantly elevated after different types of blast further suggesting systemic component in response to blast (Fig. 9) consistent with reports on the level of this chemokine in patients with TBI and in mouse model of closed head injury 
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(26)
.

[image: image9.emf]
Figure 9: Levels of Fractalkine after different types of blast. 
*p<0.05, t-test, NS-not significant.
Vascular responses and dysregulation of cell adhesion molecules.  E-selectin and L-selectin as bridges connecting vascular-endothelial-neural tissue disturbances.
E-selectin and L-selectin are adhesion molecules which characterize the activation of vascular component of inflammation and interaction of circulatory cells with endothelial component of blood-brain-barrier (BBB) 
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(27)
.  

As can be seen in Fig. 10, the most prominent activation of vascular components of blast responses occurs when peak overpressure interacts with the frontal part of head without significant acceleration: “flowing blast insight the brain” (blast off-axis open body).
[image: image10.emf]
Figure 10: Levels of L-selectin and E-selectin in serum after different types of blast exposure.
Rats were subjected to off-axis head + total body blast:  33.9psi, 113 msec, 10.6 kPa-sec with body armored or uncovered. Blood was collected and cytokines were assayed in serum using RayBiotech L-arrays and expressed in arbitrary Units/ml. Data are Mean+SEM of 3 independent experiments (rats), each assay performed in triplicate. *=p<0.05 vs. sham (noise exposed rats) according unpaired t-test analysis. NS- Not significant.
Using targeted approach, we identified additional component of neurotrophic response to blast exposure. Serum levels of Nerve Growth Factor beta (beta-NGF) was assessed using SW ELISA and Neuropilin-2 (NRP-2) by antibody array (Ray Biotech) after blast exposure at different set-up. The results are presented in Fig. 11A and B below. 
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Figure 11: Time-course of serum beta-NGF (A) and NRP-2 (B) following 
on-axis vs. off axis positions (primary blast overpressure only). 
Data point represents Mean values of 3 rat samples from each group and time points. *-p<0.05 and **-p<0.01 vs. sham group according to unpaired t-test with Welch correction.
Beta-NGF has been suggested to play a neurotrophic role in several neurodegenerative diseases 
 ADDIN EN.CITE 

(39-41)
. Our data indicate that NGF may also have neuroprotective functions and be involved in adaptive responses/neurorepair after blast induced TBI. As can be seen, exposure of whole body to primary overpressure blast instigated a rapid and sustained accumulation of beta-NGF in serum. Neuropilin-2 is receptor for VEGF and semaphorins, a large family of secreted and transmembrane signaling proteins that regulate axonal guidance in the developing CNS 
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(42-44)
. Our preliminary data (Fig. 11B) suggest that predominantly primary blast activates neuroregeneration and that NRP-2 may be involved in this process. Studies are under way to determine diagnostic and/or prognostic roles for NRP-2 in multiple low level blast as well as mechanisms of blast stimulation of neural injury/repair.  

In summary, the most profound and persistent changes in serum levels of NSE/UCH-L1, GFAP were observed upon composite blast. However, prominent systemic and persistent glial up-regulation was observed after primary blast particularly when the total animal body was subjected to blast exposures. We suggest that the mechanisms underlying blast brain injuries, particularly mild and moderate, may be triggered by systemic, cerebrovascular and neuro-glia responses as consecutive but overlapping events. More in detail investigation is required to delineate primary blast injury from peak overpressure and distinguish from ‘composite’ blast. The pathophysiological signatures of mild/moderate blast, particularly cumulative effects of multiple exposures remain to be elucidated.      
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