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INTRODUCTION 

Many warfighters who sustain blast-induced TBI in combat are exposed to a brain insult 
resulting from a combination of both a shock wave and biomechanical perturbation 
related to rapid acceleration and/or impact with a solid object (MacDonald et al., 2011).  
The TBI resulting from these combined insults is likely to be fundamentally different 
from that seen from either insult alone.  We hypothesize that the combined 
biomechanical perturbations of the brain that yield blast-induced mild TBI in injured 
warfighters can be recreated with reasonable fidelity in rats under carefully controlled 
experimental conditions, and that several of the characteristic sequelae of blast-induced 
mild TBI observed clinically can be reproduced in an established rodent injury model.  
We anticipate that this model can provide a valuable experimental tool to assist ongoing 
efforts to mitigate the risks and consequences of blast-induced mTBI in warfighters.   

BODY 

Overview 

Research accomplishments associated with each task outlined in the approved 
Statement of Work are described below. 

Task 1 

Manipulate and monitor blast exposure conditions (i.e. incident flow conditions) in the 
compression-driven shock tube and recreate with reasonable fidelity the biomechanical 
loading conditions estimated to underlie primary blast-induced mild TBI in warfighters. 
Establish a mild injury severity based upon loss of consciousness (LOC), 
histopathology, and neurological and neurobehavioral outcomes.  

 

Our laboratory simulations of blast and the means by which rats were exposed to blast 
evolved considerably over the course of this project as we gained insights into blast 
biophysics and implemented measures to improve the reproducibility and fidelity of 
shock wave exposures.  Close consultation with a blast physicist over the course of this 
project was critical to these incremental changes.  In particular, artefactual 
biomechanical loading associated with the end jet effects produced by constant 
diameter (e.g. cylindrical) shock tubes were recorded and minimized by repositioning 
experimental subjects 2.5 ft. within the mouth of the shock tube.  A rat holder was 
developed which, through incorporation of pressure gauges in the holder, provided a 
verification of flow conditions during BOP exposures in close proximity to the 
experimental subject.  High speed videography and accelerometer recordings revealed 
appreciable subject acceleration during BOP exposures, which proved to be a 
significant uncontrolled, artefactual contributor to resultant injuries.  Measures were 
taken to suspend and tightly secure anesthetized experimental subjects during BOP 
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exposures, which restricted movement/acceleration and consistently generated better 
controlled exposures.  Because of the modifications, rats tolerated greater blast 
pressures and adjustments were then required to calibrate these exposures and 
evaluate blast related injuries and impairments.   

 

As the study progressed, we further learned that cylindrical shock tubes are inherently 
and universally limited for blast simulation.   Most importantly, rather than the sharp 
peak positive pressures associated with the Friedlander waveform, cylindrical shock 
tubes typically produce plateau or flat-top waveforms with relatively long durations (6-12 
msec) and the dynamic pressure (i.e. blast wind) associated with the constant diameter 
tube is greatly exaggerated relative to that associated with conventional explosive 
detonations (fig 1, 6, 7).  In addition, in the absence of an end wave eliminator, negative 
phase and recompression waves are artefacts of the rarefaction from the end of the 
open tube and the secondary shock is moving in the reverse direction (upstream not 
downstream).  Furthermore, without a reflection eliminator, waves reverberate 
throughout the length of the tube after the passage of the initial shock front (Ritzel et al., 
2011).  Upon learning these limitations, to improve the ecological validity of our blast 
simulations we acquired a state-of-the-art advanced blast simulator (ABS).  With a 
divergent transition section and an end wave eliminator, this device eliminates the 
aforementioned artefacts of constant diameter shock tubes and provides a means to 
produce a controlled high fidelity simulation of blast in the laboratory.  With this device, 
positive pressure durations can be reduced to 1-2 msec, which may better represent 
waveforms resulting from IEDs and positional heterogeneity in pressures and flow 
conditions are eliminated (Ritzel et al., 2011).   

 

With the development of the ABS and the improvements it provided, following its careful 
characterization we repeated key experiments using the new ABS to compare and 
validate results, since the flow and loading conditions are quite different between the 
two blast simulation devices (figs 5-6).   During a no-cost-extension, we directly 
compared rats exposed to BOP and BOP combined with weight drop using both blast 
simulation devices.  We anticipated that these improvements and comparisons would 
be informative and important, in particular since poorly designed blast simulations have 
confounded much of the preclinical biomedical blast literature to date (Needham et al., 
2015).   

 

The evolution of our efforts to refine blast simulation was paralleled by the evolution of 
an equal effort to establish meaningful outcome measures to ascertain impairments 
resulting from blast and the neurobiological underpinnings of these injuries.  With the 
refinements described above (and the important elimination of artefactual contributions 
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to injuries), brain injuries resulting from BOP were typically mild and measurable 
functional impairments were modest.  Over the course of study, we applied a variety of 
neurobehavioral tests to discern impairments, which included tests of learning and 
memory (i.e. acquisition and retention), vestibulomotor performance, and neurosensory 
function (visual discrimination, olfactory discrimination, and assessments of auditory 
and visual processing.  These functional outcome assessments were accompanied by 
neuropathological evaluations using light microscopy and diffusion tensor imaging, 
electrophysiological evaluations using telemetric EEG recordings, and neurochemical 
measurements focused on acute and chronic mediators of neuronal injury and 
degeneration.   In particular, these measurements targeted neuroinflammatory 
mediators and phosphorylated tau protein, which has been proposed to be a disruptive 
change linked to chronic traumatic encephalopathy (CTE).   

 

Task 2 

Establish conditions yielding a mild injury severity with a surgery-free adaptation of the 
weight drop brain injury model (or alternative) to create tertiary blast brain injury based 
upon LOC, histopathology, and neurological and neurobehavioral outcomes. 

The Marmarou weight drop technique was adapted to create tertiary (i.e. impact-
acceleration) injury.  For this technique, a 500g weight is typically dropped through a 
cylinder on to a stainless steel disc affixed to the rat’s skull.  The head of the 
anesthetized rat is positioned on a foam cushion of known spring tension, so the weight 
causes a rapid downward deflection and recovery (i.e. impact-acceleration).   We 
initially developed a gauged aluminum helmet that was readily positioned over and 
removed from the rat’s head.  Accelerometers and pressure gauges incorporated into 
the helmet could readily describe the magnitude and consistency of the biomechanical 
features of this surgery-free injury.  Unfortunately, we encountered considerable 
difficulty producing injuries with this device, so we applied simpler weight drop 
variations. These included a surgery-free approach in which the weight was dropped 
onto a lightweight Mylar headpiece that was quickly positioned over the scalp and 
removed immediately after weight drop.  Although an improvement, injuries produced in 
this manner were also very modest and somewhat variable so for greatest consistency 
and reproducibility, we eventually applied a 10 mm stainless steel disc to the exposed, 
dried skull immediately before weight drop using a 500 g weight typically dropped from 
1.25 meters.  When weight drop was preceded by blast exposure, the disc was applied 
prior to blast exposure.  As with blast exposure, neurobehavioral, neurochemical, and 
electrophysiological (EEG) responses to weight drop insults were characterized. 
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Task 3 

Combine blast overpressure (BOP) and the selected impact acceleration insult at 
multiple combined severities, and evaluate the histopathological, physiological, and 
neurobehavioral outcomes relative to those seen following each insult alone. Establish 
combined injury conditions to produce mTBI.   

 

Using the approaches described for tasks 1 and 2 above, injuries produced by 
combinations of BOP and weight drops of varied heights were compared to those 
generated by either insult alone.  For combined insults, weight drop was applied to the 
anesthetized rats immediately after removal from the shock tube (30-60 sec post-blast).  
For comparisons, we also evaluated closely-coupled repeated blast exposures as a 
dual insult alternative to blast followed by weight drop.  In these instances, the second 
blast exposure occurred within 30-60 sec following the first.  As more fully described 
below, injuries were characterized using neurobehavioral, neuropathological, and 
neurochemical assessments.  In general, exposures to combined insults (blast followed 
by weight drop or closely coupled blast exposures) yielded neurobehavioral deficits that 
were greater and more persistent than produced by a single insult alone.  These 
findings are consistent with the primary hypothesis of the project, namely that the TBI 
resulting from these combined insults is fundamentally different from that seen from 
either insult alone. Using tissue samples and EEG data collected from these 
experimental subjects treated in this manner, a variety of neurochemical 
measurements, histopathological evaluations, EEG recordings, and novel imaging 
comparisons were analyzed to extend the comprehensive characterization of these 
injuries and shed light on underlying neurobiological mechanisms and the means by 
which these insults might interact.   

Task 4 

Using a mach stem wedge equipped with a high velocity piston impactor, 
instantaneously combine impact acceleration with BOP within the shock tube to produce 
and evaluate the concomitant combined effects of primary and tertiary blast relative to 
those seen following each insult alone. Establish a mild injury severity based upon loss 
of consciousness (LOC), histopathology, and neurological and neurobehavioral 
outcomes.   

 

As the flow conditions in the constant diameter shock tube were characterized over the 
course of this project, it became readily apparent that the violent turbulence would 
impose a tremendous challenge to apply a high velocity impactor as a means to 
combine impact acceleration with BOP to evaluate the concomitant combined effects of 
primary and tertiary blast.  Moreover, the machstem wedge onto which the impactor 
was to be incorporated was repeatedly deformed and damaged by these blast 
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exposures.  When we learned that among its other limitations the dynamic pressure 
(blast wind) generated with this shock tube is not representative of blast overpressure in 
the field, we changed direction and instead sought to achieve the objectives of task 4 
and apply concomitant primary and tertiary blast insults in the ABS rather than in the 
cylindrical shock tube.  For this purpose, a rat was freely suspended in the ABS and 
released upon generation of the shock wave, which allowed head impact to occur as the 
rat moved in response to the shock wave.   Although not yet thoroughly characterized, 
with the greatly improved fidelity of blast simulations in the ABS, this approach provides 
a much better means to achieve this objective that was unknown at the initiation of the 
project. 

KEY RESEARCH ACCOMPLISHMENTS 

Bulleted list of key research accomplishments emanating from this research. 

 After thorough characterization of flow conditions and injuries produced in a 
constant diameter shock tube, an advanced blast simulator (ABS) was 
established as a superior means to generate substantially improved high fidelity 
blast simulations relative to those achieved to date with traditional cylindrical 
shock tubes.  The blast flow conditions have been carefully and thoroughly 
evaluated using high speed videography (25,000 frames per sec) in combination 
with pressure recordings, verifying that many salient features of the biophysics of 
BOP can be recreated in the laboratory for biomedical research.  This is 
particularly important in light of the widely-applied poor laboratory simulations of 
blast that have blast biomedical research (Needham et al., 2015).  Using this 
device, we have refined ecologically valid models of blast-TBI and concussion 
that were initially developed with the cylindrical shock tube.  These laboratory 
applications of blast TBI recreate features of human injuries which we anticipate 
can be used judiciously to investigate bTBI phenomena and identify 
countermeasures.   

 A battery of sensitive neurobehavioral assessments was carefully developed and 
refined to distinguish functional disruptions resulting from BOP exposures and/or 
impact acceleration injuries.  Moreover, many of the issues afflicting Warfighters 
exposed to blast, including auditory and vestibular disruption, tinnitus, and visual 
impairments have been characterized in these rodent models, and are valuable 
tools for establishing the neurobiological underpinnings of these disorders and for 
developing effective countermeasures that can potentially be applied to protect 
Warfighters and treat Warfighters afflicted with these injuries. 

 

 In this project, we identified that the putative mediator of chronic traumatic 
encephalopathy, phosphorylated tau protein (pTau), is significantly elevated in 
different brain regions after either blast exposure or weight drop injury in close 
association with decreased expression and activity of tissue non-specific alkaline 
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phosphatase (TNAP), the enzyme primarily responsible for dephosphorylating 
pTau and restoring microtubule assembly for regeneration.  These findings point 
to a neurobiological link between acute brain injuries and this tau-protein linked 
neurodegenerative disorder. 

 Large and sustained blast-induced elevations of neuroinflammatory mediators, 
including prominently the chemokine ligand 2 (CCL2), have been documented  in 
brain and CSF point to a likely neurobiological link between sustained 
neuroinflammatory processes triggered by acute brain injuries and the 
pathogenesis of chronic neurodegenerative disorders. 

 Algorithms have been developed and refined to analyze EEG recordings through 
30 days post-injury to distinguish electrophysiological consequences of individual 
and combined blast- and weight drop-induced brain insults.  These findings 
showed that blast injuries are not associated with prominent seizures and 
epileptiform activity and instead yield measureable shifts in spectral frequencies. 

 Multiple publications and presentations were prepared which described 
neurobehavioral, neurochemical, and neuropathological features of blast TBI in 
rodents.  This work established the foundation for additional funded projects, 
including most recently “Assessment and Treatment of Blast-Induced Auditory 
and Vestibular Injuries” (Clinical Rehabilitative Medicine Research Program 
[CRMRP] Neurosensory Research Award), “Elucidation of Inflammation 
Processes Exacerbating Neuronal Cell Damage to the Retina and Brain Visual 
Centers, as a Quest for Therapeutic Drug Targets, in a Rat Model of Blast Over 
Pressure Wave Exposure” ([CRMRP] Vision Research Program - Hypothesis 
Development Award, and “Central mechanism and treatment of blast-induced 
auditory and vestibular injuries” (Clinical Rehabilitative Medicine Research 
Program [CRMRP] Neurosensory Research Award). 

REPORTABLE OUTCOMES 

This project directly or indirectly contributed the following scientific publications in the 
peer-reviewed literature in addition to providing data for presentations at the annual 
scientific conferences listed below. 

 

Published scientific manuscripts: 

Ahmed, F.A., Kamnaksh, A., Kovesdi, E., Long, J.B., Agoston, D.V. Long-term 
consequences of single and multiple mild blast exposure on select physiological 
parameters and blood-based biomarkers. Electrophoresis. 2013 Aug; 34(15):2229-33. 

  

Arun, P., Abu-Taleb, R., Oguntayo, S., Wang, Y., Valiyaveettil, M., Long, J.B., Nambiar, 
M.P. Acute mitochondrial dysfunction after blast exposure: potential role of 
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mitochondrial glutamate oxaloacetate transaminase. J Neurotrauma. 2013 Oct 1; 
30(19):1645-51. 

 

Arun, P., Abu-Taleb, R., Valiyaveettil, M., Wang, Y., Long, J.B., Nambiar, M.P. 
Extracellular cyclophilin A protects against blast-induced neuronal injury. Neurosci Res. 
2013 May-Jun; 76(1-2):98-100. 

 

Arun. P, Abu-Taleb. R, Oguntayo, S., Wang, Y., Valiyaveettil, M., Long, J.B., Nambiar, 
M.P. Distinct patterns of expression of traumatic brain injury biomarkers after blast 
exposure: Role of compromised cell membrane integrity. Neuroscience Letters. 2013 
Sept 27; 552: 87-91. 

  

Ahmed FA, Kamnaksh A, Kovesdi E, Long JB, Agoston DV.  Long-term consequences 
of single and multiple mild blast exposure on select physiological parameters and blood-
based biomarkers.  Electrophoresis. 2013 Aug;34(15):2229-33. doi: 
10.1002/elps.201300077. Epub 2013 Jul 8. 

 

Kamnaksh A, Budde MD, Kovesdi E, Long JB, Frank JA, Agoston DV.  Diffusion tensor 
imaging reveals acute subcortical changes after mild blast-induced traumatic brain 
injury.  Sci Rep. 2014 May 2;4:4809. doi: 10.1038/srep04809. 

 

Calabrese E, Du F, Garman RH, Johnson GA, Riccio C, Tong LC, Long JB.   Diffusion 
tensor imaging reveals white matter injury in a rat model of repetitive blast-induced 
traumatic brain injury.  J Neurotrauma. 2014 May 15;31(10):938-50. doi: 
10.1089/neu.2013.3144. Epub 2014 Mar 27. 

 

Kamnaksh A, Kwon SK, Kovesdi E, Ahmed F, Barry ES, Grunberg NE, Long J, Agoston 
D. Neurobehavioral, cellular, and molecular consequences of single and multiple mild 
blast exposure.  Electrophoresis. 2012 Dec;33(24):3680-92. doi: 
10.1002/elps.201200319. Epub 2012 Nov 26. 

 

Kovesdi E, Kamnaksh A, Wingo D, Ahmed F, Grunberg NE, Long JB, Kasper CE, 
Agoston DV.  Acute minocycline treatment mitigates the symptoms of mild blast-induced 
traumatic brain injury.  Front Neurol. 2012 Jul 16;3:111. doi: 10.3389/fneur.2012.00111. 
eCollection 2012. 
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Kamnaksh A, Kovesdi E, Kwon SK, Wingo D, Ahmed F, Grunberg NE, Long J, Agoston 
DV.  Factors affecting blast traumatic brain injury.  J Neurotrauma. 2011 
Oct;28(10):2145-53. doi: 10.1089/neu.2011.1983. 

 

Kovesdi E, Gyorgy AB, Kwon SK, Wingo DL, Kamnaksh A, Long JB, Kasper CE, 
Agoston DV.  The effect of enriched environment on the outcome of traumatic brain 
injury; a behavioral, proteomics, and histological study.  Front Neurosci. 2011 Apr 
1;5:42. doi: 10.3389/fnins.2011.00042. eCollection 2011. 

 

Kwon SK, Kovesdi E, Gyorgy AB, Wingo D, Kamnaksh A, Walker J, Long JB, Agoston 
DV.  Stress and traumatic brain injury: a behavioral, proteomics, and histological study.  
Front Neurol. 2011 Mar 7;2:12. doi: 10.3389/fneur.2011.00012. eCollection 2011. 

 

Arun P, Oguntayo S, Albert SV, Gist I, Wang Y, Nambiar MP, Long JB.  Acute decrease 
in alkaline phosphatase after brain injury: A potential mechanism for tauopathy.  
Neurosci Lett. 2015 Nov 16;609:152-8. doi: 10.1016/j.neulet.2015.10.036. Epub 2015 
Oct 19. 

Wang Y, Wei Y, Oguntayo S, Wilder D, Tong L, Su Y, Gist I, Arun P, Long J.  
Cerebrospinal fluid CCL2 is an early-response biomarker for blast overpressure wave- 
induced neurotrauma in rats.  J Neurotrauma 2017 34(4):952-962. 

 

Abstracts/Presentations at Scientific Meetings: 

P. Arun, R. Abu-Taleb, M. Valiyaveettil, Y. Wang, J. Long and M. P. Nambiar. Cell 
membrane stabilizers protect against blast-induced Neurotrauma. Advanced 

Technology Applications for Combat Casualty Care / Military Health Sciences Research 

Symposium (ATACCC / MHSRS), Fort Lauderdale, FL, 8/13 - 8/16/12. 

 

P. Arun, R. Abu-Taleb, S. Oguntayo, Y. Wang, M. Valiyaveettil, J. Long and M. P. 

Nambiar. Compromised cell membrane integrity and unusual changes in brain injury 

biomarkers after blast exposure. Advanced Technology Applications for Combat 

Casualty Care / Military Health Sciences Research Symposium (ATACCC / MHSRS), 

Fort Lauderdale, FL, 8/13 - 8/16/12. 

 

P. Arun, R. Abu-Taleb, M. Valiyaveettil, Y. Wang, J. Long and M. P. Nambiar. Cellular 

mechanisms of blast induced traumatic brain injury: transient disruption of cell 

membrane and pharmacological interventions for protection. National Capital Region 

Traumatic Brain Injury Research Symposium held at National Institutes of Health, MD - 

2012. 
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P. Arun, R. Abu-Taleb, S. Oguntayo, Y. Wang, M. Valiyaveettil, J. Long and M. P. 

Nambiar. Atypical changes in biomarkers of traumatic brain injury after blast exposure: 

Role of compromised cell membrane integrity. CNRM annual meeting held at National 

Institutes of Health, MD – 2012. 

 

Wang Y, Wei Y, Oguntayo S, Valiyaveettil M, Arun P, Long J, Nambiar M. Blast 

exposure induces brain DNA damage. Advanced Technology Applications for Combat 

Casualty Care / Military Health Sciences Research Symposium (ATACCC / MHSRS), 

Fort Lauderdale, FL, 8/13 - 8/16/12. 

 

DeMar JC, Tong LC, Hill MI, Dalmolin AR, Gharavi RB, Edwards AA, Riccio CA, Byzek 

SA, Oliver TG, and Long JB (2012). Assessment of Ocular Injuries to the Retina in Rats 

Exposed to Blast Over Pressure. Advanced Technology Applications for Combat 

Casualty Care / Military Health Sciences Research Symposium (ATACCC / MHSRS), 

Fort Lauderdale, FL, 8/13 - 8/16/12. 

 

Riccio C, Van Albert S, Tong L, Edwards A, Long J. Combined effects of primary and 

tertiary blast of rat brain: preliminary characterization of a model of blast-induced mild 

traumatic brain injury. Advanced Technology Applications for Combat Casualty Care / 

Military Health Sciences Research Symposium (ATACCC / MHSRS), Fort Lauderdale, 

FL, 8/13 - 8/16/12. 

 

Andrist J, Edwards A, Riccio C, Wilder D, Van Albert S, Long J. Neurobehavioral 

evaluation of rats using operant testing chambers after primary and tertiary blast 

exposure. Advanced Technology Applications for Combat Casualty Care / Military 
Health Sciences Research Symposium (ATACCC / MHSRS), Fort Lauderdale, FL, 8/13 

- 8/16/12. 

 

Y. Wang, Y Wei, L. Tang, Oguntayo, A. Edwards, C. Riccio, I. Gist, P. Arun, Van 

Albert and J. Long. Comparison of Combined Primary and Tertiary Blast 

Traumatic Brain Injury in Young and Middle Age Rats. Military Health Sciences 

Research Symposium (MHSRS), Fort Lauderdale, FL, August 2013. 

 

P. Arun, R. Abu-Taleb, S. Oguntayo, A. Edwards, C. Riccio, S. VanAlbert, I. Gist, Y. 

Wang, M.P. Nambiar, J.B. Long. Tissue non-specific alkaline phosphatase in the 

etiology and diagnosis of tauopathy and chronic traumatic encephalopathy. 

Military Health System Research Symposium held at Fort Lauderdale, FL, 



13 
 

August 2013. 

 

P. Arun, R. Abu-Taleb, S. Oguntayo, A. Edwards, C. Riccio, S. VanAlbert, I. Gist, Y. 

Wang, M.P. Nambiar, J.B. Long. Tissue non-specific alkaline phosphatase in the 

etiology of tauopathy and chronic traumatic encephalopathy after traumatic brain 

injury. USUHS Research Day held at Bethesda, MD, May 2013. 

 

P. Arun, Role of tissue non-specific alkaline phosphatase in the etiology of tauopathy 

and chronic traumatic encephalopathy. Platform presentation at the National Capital 
Region Traumatic Brain Injury Research Symposium held at National Institutes of 
Health, Bethesda, MD, April 2013. 

 

Long, J.B. Shock Tube Simulations of Blast – Experience from WRAIR. Invited 

lecture to CNRM at USUHS, Nov, 2013. 

Peethambaran Arun: Biological Dosimeters of Blast Exposure. Platform presentation at 
the International State-of-the-Science Meeting on the Biomedical Basis for Mild 
Traumatic Brain Injury (mTBI) Environmental Sensor Threshold Values (4-6 November 
2014, McLean VA).  

 
P. Arun, D. Wilder, A. Edwards, Y. Wang, I. Gist, J. B. Long. Blast exposure 
phosphorylates Tau preferentially at serine396, which can trigger Alzheimer’s-like 
pathology. National Neurotrauma Symposium held at San Francisco, CA- July 2014.  

 

P. Arun, D. Wilder, A. Edwards, Y. Wang, I. Gist, J. B. Long. Phosphorylation of Tau 
After Blast Exposure: A Potential Predisposition to Alzheimer’s-like Pathology. Society 
for Neuroscience annual meeting held at Washington, DC - November 2014.  

 

Y. Wang, Y.Wei, L.Tong, A. Edwards, I. Gist, P. Arun, and J. Long. Characterization of 
blast-induced auditory and vestibular injury in rats. Society for Neuroscience annual 
meeting held at Washington, DC - November 2014.  

 

Y. Wang, Y. Wei, L. Tong, P. Arun, A. Edwards, S. Oguntayo, I. Gist and J. Long. 
Characterization of Blast-Induced Vestibular Injury in Rats. The Annual Symposium for 
Neurotrauma Society San Francisco, CA June 2014.  

 

Y. Wang, Y. Wei, P. Arun, S. Oguntayo, D. Wilder, I. Gist and J. Long. Brain 
Pathological and Biochemical Responses Following Repeated Blast Exposures in Rats. 
International State-of-the-Science Meeting on the Biomedical Basis for Mild Traumatic 



14 
 

Brain Injury (mTBI) Environmental Sensor Threshold Values (4-6 November 2014, 
McLean VA). 

CONCLUSION 

Results to date are consistent with the hypothesis that BOP generates a closely-
associated insult to the brain (and other organs as well) and interactively compromises 
the brain’s resilience and exacerbates the pathophysiological effects of other injury 
modalities such as impact-acceleration (i.e. tertiary injury).   With continued refinement 
through application of BOP exposures in the recently acquired ABS, under carefully 
controlled experimental conditions the combined biomechanical perturbations of the 
brain that yield blast-induced mild TBI in injured warfighters can be recreated with 
reasonable fidelity to reproduce characteristic sequelae of blast-induced mild TBI.  The 
endproduct model will provide an invaluable tool to define underlying neurobiological 
mechanisms and rationally establish effective countermeasures to lessen short-term 
impairments (e.g. return-to-duty) as well as chronic debilitation (e.g. chronic traumatic 
encephalopathy). 
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Supporting Data   
Primary blast injury conditions:  Over the course of this project, we worked closely with 
a blast physicist and, as we gained insights into simulations of blast in the laboratory, 

we progressively incorporated 
several modifications to our 
procedures to improve their 
fidelity.  Shock wave exposures 
(Tasks 1 & 3) were initially 
accomplished in a cylindrical 
shock tube (fig 1) using an 
instrumented holder (fig 2) which 
tautly suspended the anesthetized 
rat within the shock tube and 
recorded the nearby ambient total 
and static pressures (fig 1 & 6).  
Based upon mapped flow 
conditions (fig 1), rats were 
routinely positioned 2.5 ft. within 
the mouth of the shock tube for 

shock wave exposures.  When using high 
speed video and accelerometer recordings we gained an appreciation of the 
uncontrolled acceleration and displacement associated with blast exposures in a 
constant diameter shock tube (even with these constraints), extra measures were taken 
to mitigate these confounding issues by further restricting/eliminating  movements of 
experimental subjects in the holder.  We next acquired a state-of-the-art advanced blast 
simulator (ABS) to further improve the ecological validity of our blast simulations.   With 
a divergent transition section and an end wave eliminator, this device eliminates several 
critical artefacts confounding blast simulations in constant diameter shock tubes and 
provides a means to produce a controlled high fidelity simulation of blast in the 

Fig 1.  Shock tube pressure recordings.

Fig 2.Instrumented rat holder records flow 
conditions (static and total pressure) during 
subject exposure. 

Fig 3.  Peak pressures achieved with 
varied membranes. 

.
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laboratory (figs 4-5).  In 
particular, this device 
produces Friedlander 
waveforms much more 
closely resembling free 
field blast and also 
eliminates exaggerated 
jet flow and greatly 
reduces dynamic 
pressure yielding 
artefactual blast wind.  
Because of these critical 
improvements, during an 
extended no-cost-
extension, we repeated 
experiments that had 
been performed with rats exposed to BOP in the constant diameter shock tube to 
compare and validate findings with outcomes measured in the ABS.  In addition, the 

greatly reduced dynamic pressure of the ABS allowed fulfillment of task 4 in which head 
impact was near-instantaneously combined with BOP exposure to evaluate the 
concomitant combined effects of primary and tertiary blast within the ABS.   
B.    Tertiary blast injury conditions:  Impact-acceleration for tasks 2 and 3 were 
achieved using weight drop injuries.  Initially, this was attempted using weights dropped 
on to an impounder impacting an instrumented aluminum helmet, which could provide 
pressure and accelerometer read-outs (fig 7).  Unfortunately, we encountered difficulties 
producing injuries with this device, so we applied two simpler variants of the Marmarou 
procedure.  In the first surgery-free approach, a 500 g weight was dropped from a fixed 

Fig 4.  Advanced blast simulator. 

Fig 6.  Cylindrical shock tube pressure trace. Fig 5.  ABS pressure trace. 

.
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height, typically 125 cm, through a cylinder on to a 
lightweight Mylar headpiece that was quickly and 
easily positioned over the scalp and removed 
immediately after weight drop (fig 8). Due to injury 
inconsistencies with this approach, we ultimately 
affixed a 10 mm stainless steel disc to the 

exposed, dried skull immediately 
before weight drop using a 500 g 
weight typically dropped from 125 
cm.  When weight drop was 
preceded by blast exposure (task 
3), the disc was applied 
immediately prior to blast exposure.   
This final approach yielded the most consistent 
and robust weight drop injuries.  Recordings of 
intracranial pressures of rats with and without 
discs affixed to the skull during blast exposures 
established that the disc did not alter blast-

induced changes in intracranial 
pressures, thereby providing 
reassurances that blast interactions 
with the brain were preserved 
despite the presence of the disc of 
the skull (fig 11-12).  Use of a piston 
impactor incorporated into a 
machstem wedge to produce near-

Fig 7. Weight drop approach 1 with 
gauged helmet.

Fig 8. Weight drop approach 2 with Mylar cap.  Eventually the 
Mylar cap was replaced by s stainless steel disc affixed directly to 
the skull. 

Fig 9. Machstem wedge-impactor design for combined hits. 

Fig 10.Head impact set-up within the ABS 
(task 4). 
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instantaneous impact acceleration in association with BOP (task 4) was problematic due 
to the violent conditions (e.g. blast wind) in the cylindrical shock tube.  Not only was 
consistent controlled impact with the head 
unachievable, but the machstem wedge (fig 9) 
was repeatedly damaged and rendered unusable 
by the blast simulations.  The ABS provided an 
alternative means to achieve this final objective.  
With a higher fidelity blast simulation, dynamic 
pressure (blast wind) was greatly reduced in this 
device and tight constraints on experimental 
subjects were not required during BOP 
exposures.  Consequently, anesthetized rats 
could be suspended in the ABS and using a 
shockwave-triggered release, free to move 
during BOP exposure.  As a consequence, rather 
than using a mechanically-driven impactor to 
strike the rats’ heads, the shock-wave driven rats 
instead struck a fixed impactor (fig 10) much as a 
Warfighter thrown by blast might similarly 
experience head impact.   
Outcome assessments: A number of functional 
neurobehavioral assessments were used to 
evaluate and compare impairments resulting 
from blast-related insults (i.e. blast exposure, 
weight drop, or the combination).  These 
included vestibulomotor assessments (i.e. motor 
coordination and balance) using the rotarod and 
rotating pole (fig 13, 18-20), exploratory behavior 
using an open field (fig 20), and learning and 
memory using the Morris water maze (fig 19). 
Additionally, neurosensory function was 
evaluated using visual discrimination and 
olfactory discrimination.  The most consistently 
robust changes were discerned using the rotating pole and rotarod.  For the former, a 
wooden pole 4 feet in length and 1.5 inches diameter, which could be rotated at 
different speeds in either clockwise or counterclockwise directions, was suspended 
parallel to the floor at a height of approximately 3 feet overlying a foam cushion. Rats 
were released at one end and trained to traverse the rotating pole to enter a darkened 
box at its other end. The time from release to entry into the box was recorded with a 
maximum of 120 seconds allowed to complete each run. When rats failed to traverse 

Fig 11.  ICP effects of BOP with (top) and 
without (bottom) a stainless steel disc 
affixed to the skull. 

Fig 12. ICP response to weight drop (500 g, 
125 cm).
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the pole, the time and l location of the fall was recorded.  Runs were scored using a 
rubric that incorporates balance (1 point for not falling; 0 points for a fall), velocity 
(distance on the pole covered/time) and distance completed (1 point for a complete run, 

0.75 for a fall at the ¾ mark, 0.5 for a fall in the 
middle and 0 points for a fall at the beginning). On 
each test day, each rat was given three trials and the 
two highest scores were averaged as the score for 
that rat on that day. Longer traverse times and falls 
from the pole indicate motor deficits.  Data generated 
using this test 
are depicted 
in figures 18-
20, and to 

illustrate general effects and differences across 

treatment groups, the data are graphed  as 
mean responses for these groups.  However, 
since these are non-parametric data, they are 
not normally distributed and bars reflecting 
standard deviation or standard error are not 
plotted.  The non-parametric data were 
analyzed using the Kruskal-Wallis test and if 
an overall effect across groups was evident, 
individual differences were then identified 
using the Dunn’s test.  For the rotarod 
procedure, a fixed speed training regimen was 
conducted at 10 and 20 rpm with 120 sec per 
trial and 3 trials per day for each fixed speed.  
These data were analyzed using analysis of 
variance with Tukey’s multiple comparisons 

test and are illustrated in figure 20 with means and standard error of the means for each 
treatment group.  For MWM testing, rats were release from 4 cardinal compass 
locations around a 170 cm diameter pool and the time required to locate a hidden 
platform was recorded, with a maximum allowable time of 120 sec.  Videotracking 
software recorded the time spent and distance swum in each quadrant, the time spent 
locating the platform, the total distance swum, and the velocity of swimming.  These 

Fig 14.  Visual discrimination. 

Fig 15. Olfactometer and olfactory discrimination 
accuracy following combined insults (BOP & weight 
drop).  N=12 pre- and 6, 6, and 3 post-injury; ANOVA 
did not reveal significant (p<0.05) differences across 
treatment gps (means ± SEM).  

 

0

20

40

60

80

100

120

Pre1Pre2Pre3 Post
24h

Post
48h

Post
72h

Post
7d

%
 A
cc
u
ra
cy

Testing Day

Olfactometer Testing
Control

130 KPa
+ 150cm
WD

130 KPa
+ 175cm
WD

Fig 13.  Rotating pole test. 



21 
 

parametric data were also analyzed using analysis of variance and are illustrated in 
figure 19 with means and standard errors.  For the open field test, a videosystem 
monitored individual rats as they freely wandered within an enclosed arena (6 ft 
diameter) which was divided by a video template into 21 sectors.  This test provides a 
quantitative measure of exploratory activity which is regarded as a general indicator of 
stress/anxiety levels and data were similarly analyzed using analysis of variance.  As 
noted above, although injury conditions varied somewhat as the procedures evolved 
over the course of this project, in general, whenever blast and weight drop were 
combined, with these outcome measures we established that the combined insults 
produced lasting deficits that were not seen following either BOP or weight drop alone.   
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Visual discrimination 
assessments were 

performed in a sound attenuated 
ventilated chamber (fig 14).  One wall of the chamber contained a food trough where 
food pellets were dispensed following correct responses.  The trough was flanked by 
response levers with lights immediately above the levers.  Rats were trained to push left 
or right levers in response to patterns of light cues.  We explored olfactory 
discrimination in rats using the device and procedure described by Slotnick and 
coworkers (fig 15).  A positive or negative stimulus was randomly presented and the 
experimental subject was rewarded with water for responding (i.e. licking) in response 
to the positive stimulus.  Rats were trained and tested in 8 blocks of 40 trials each, and 
≥ 80% accuracy was defined as learned.  The positive stimulus was 0.05% amyl acetate 

Fig 16.Visual discrimination accuracy relative to preinjury 
baseline (N=4 rats/gp, mean ±SEM). ANOVA did not reveal 
significant (p<0.05) differences across treatment gps. 
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Fig 17.Visual discrimination reaction time (sec X 100) (N=4 
rats/gp, mean ± SEM). ANOVA did not reveal significant 
(p<0.05) differences across treatment gps.  
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in water, which was presented in concentrations ranging from 2 ppm-0.25 ppm.  The 
negative stimulus was water.  In contrast to the other procedures described above, the 
olfactory neurosensory evaluations were not sensitive indicators of blast or weight drop-
related injuries. 
 
The hallmark neuropathological feature in rats following BOP exposure was widespread 
fiber degeneration that was most prominent in cerebellum, optic tracts, and external 
capsule (21-22).  Similar injuries were evident in weight drop-injured rats and were 
accompanied by additional degeneration in the pyramidal decussation, paraolivary 
nucleus, and the cerebral cortex.  Similar to neurobehavioral outcome measures, 
neuropathological scoring revealed higher levels of injury following combined insults (fig 

22, 30). Immunohistochemical analyses 
targeting chemokine and cytokine 
inflammatory mediators showed similar 
patterns of response and clearly point to roles 
of these acute mediators in the neurobiological 
underpinnings of blast TBI (fig 23). 

Fig 20. Neurobehavioral disruptions following closely coupled repeated blasts (N=11-12 rats/gp).   

*p<0.05 **p<0.01,*** p<0.005 compared to sham; @p<0.05, @@p<0.01with BOP compared to 2 BOP. 

 

Fig 21. Weight drop induced injury to optic tracts 
and internal capsule (100X). 

 

Fig 22. Cerebellar (Cbw), brainstem (BS), and optic 
tract (Opt) damage following bTBI (N=6-11). From J 
Neurotrauma 2017 34(4):952-962. 
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 Light microscopic neuropathological assessments were quantitatively corroborated by 
ex vivo diffusion tensor imaging by collaborators at the Center for In Vivo Microscopy at 
Duke University.  In addition to showing similar anatomical patterns of injury, these 

sophisticated high resolution analyses 

allowed quantitative comparisons 
which revealed that blast induced fiber degeneration was significantly exacerbated by a 
closely coupled second insult (fig 25).  Neurochemical analyses at different stages 
following blast and/or weight drop injuries revealed several noteworthy changes that are 
relevant to acute injury mechanisms as well as to the etiology of chronic 
neurodegenerative processes potentially set in motion by blast TBI.  Along with 
discerning acute DNA fragmentation following blast and/or weight drop (fig 24), Western 
blot proteomic analyses revealed changes in several cytoskeletal proteins and multiple 
mediators of neuroinflammation (fig 26-27). In particular, chemokine ligand 2 (CCL2) 
which is also known as monocyte chemotactic protein-1 (MCP-1) was markedly 
increased in cerebrospinal fluid (CSF) by 1 h following blast exposure or weight drop 

Fig 23. GFAP and Iba1 immunoreactivity under 
different injury conditions 

 

Fig 25.  DTI images revealing cerebellar injury 
following closely coupled bTBI (21 psi).   From J 
Neurotrauma 31:938-50, 2014.

Fig 26. MCP-1 in CSF after BOP, WD, or combined BOP & WD 
injuries

Fig 24. DNA fragmentation after BOP, weight drop, and 
combined injuries. N=16 (2rats per treatment  X 8 slides 
per rat).  

Fig 27. Changes in the neuron-specific 
cytoskeletal protein Microtubule-associated 
protein 2 (MAP2). N=4 rats/gp, ANOVA *p<0.05 
compared to sham). 
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and remained significantly elevated over 24 hrs with peak concentrations measured at 6 
hrs post-injury (fig 26).    As more thoroughly summarized in a recent publication to 
result from this work (Wang et al., in press), the increased levels of CCL2 corresponded 
with the severities of injury and were also commensurate with the extent of neuromotor 

impairment and 
neuropathological abnormalities 
resulting from these insults.  
Changes in CCL2 levels also 
correlated with the levels of 
CCL2 mRNA in cerebellum, 
which was the brain region 
most consistently and severely 
neuropathologically disrupted 
by blast, and were 
accompanied by increased 
expression of CCR2 which is its 
primary receptor.  In addition to 

being a likely contributor to neurodegenerative processes after blast exposure, the 
markedly elevated concentrations of CCL2 in CSF reveal it to be a candidate early-
response biomarker for 
diagnosis and prognosis of blast-
induced traumatic brain injury.  
Measured changes were not 
restricted to CCL2 and the 
inflammation-related genes 
CCL12, IL10, IL6, IL1b, and TNF 
were also upregulated while IL8 
was downregulated at 6 hrs after 
blast (fig 28).  Collectively, these 
responses are consistent with a 
prominent role of 
neuroinflammation in the 
pathogenesis of blast TBI. 
In addition to acute injuries and functional disruptions, blast exposure has been linked to 
chronic traumatic encephalopathy (CTE), a tau protein-linked neurodegenerative 
disorder which has been observed in the brains of several deceased athletes with a 
history of multiple concussions.  In particular, phosphorylated Tau (pTau) protein 
neuropathology, with perivascular neurofibrillary degeneration, is recognized as a 
distinct feature of CTE and has been observed postmortem in the brains of blast victims 
and contact-sport athletes. Phosphorylation of Tau protein disrupts microtubule 

Fig 29. Western blotting showing the expression of pTau in different brain regions 
at 6 h and 24 h after blast or weight drop (from Neurosci Lett.609:152-8, 2015) .

 

Fig 28. Gene expression changes in cerebellum 6 h after blast 
exposure 
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assembly in neurons, which can result in tauopathy and the formation of neurofibrillary 
tangles seen in neurodegenerative disorders such as Alzheimer’s disease (AD). 
Conversely, dephosphorylation of pTau is likely to be critical to the prevention of  

tauopathy and to the restoration of microtubule assembly for neuroregeneration.  As 
described in a recently published manuscript Arun et al, 2015), we observed that brain 
injury after blast exposure or weight drop resulted in significant acute increases in the 
accumulation of pTau in different brain regions (fig 29) which were closely associated 
with decreased expression of TNAP, the enzyme principally responsible for 
dephosphorylating pTau in neurons.  We hypothesize that the accumulation of pTau 
might be attributed to decreased TNAP activity/levels in the brain after injury and point 

Fig 30. Neuropathological scores assigned by a blinded observer to regions of interest from sham and injured rats. N=8-10 rats per 
treatment group.  
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to a potential importance of this enzyme in the evolution of events yielding CTE.  In 
particular, we suspect that by dephosphorylating pTau in neurons, TNAP may play a 
major role in the etiology of brain disorders involving this neuropathological feature.  

As a final characterization, blast and weight drop effects on cortical EEG were analyzed 
and revealed significant blast-induced depression of α and β activity.  These changes 
were not seen following non-blast weight drop injury (fig 31-32).  

 
 
 
 
 
 
 
 
 
  
 
 

Fig 31.  EEG changes following BOP but not weight 
drop injury (N=8 rats/gp, mean ± SEM, *p<0..05 
ANOVA)

Fig 32.  EEG changes following BOP but not weight 
drop injury (N=8 rats/gp, mean ± SEM, *p<0..05 
ANOVA)
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Brain  injuries  due  to blast  or  weight  drop  decreased  the level/activity  of TNAP.
Decreased  level/activity  of brain  TNAP  is associated  with  accumulation  of pTau.
Brain  injury  decreased  plasma  alkaline  phosphatase  activity.
APP  accumulation  in the  brain  after  injury  did not  correlate  with  pTau  deposition.
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a  b  s  t  r  a  c  t

Dephosphorylation  of  phosphorylated  Tau  (pTau)  protein,  which  is  essential  for  the  preservation  of
neuronal  microtubule  assemblies  and  for protection  against  trauma-induced  tauopathy  and  chronic  trau-
matic encephalopathy  (CTE),  is primarily  achieved  in  brain  by  tissue  non-specific  alkaline  phosphatase
(TNAP).  Paired  helical  filaments  (PHFs)  and Tau  isolated  from  Alzheimer’s  disease  (AD)  patients’  brains
have been  shown  to form  microtubule  assemblies  with  tubulin  only after  treatment  with  TNAP  or  protein
phosphatase-2A,  2B  and  -1,  suggesting  that Tau  protein  in  the PHFs  of  neurons  in  AD brain  is hyperphos-
phorylated,  which  prevents  microtubule  assembly.  Using  blast  or weight  drop  models  of traumatic  brain
injury (TBI)  in  rats,  we observed  pTau  accumulation  in the  brain  as  early  as  6 h post-injury  and  further
accumulation  which  varied  regionally  by  24  h  post-injury.  The  pTau  accumulation  was  accompanied  by
reduced  TNAP  expression  and  activity  in these  brain  regions  and  a significantly  decreased  plasma  total
alkaline  phosphatase  activity  after  the weight  drop.  These  results  reveal  that both  blast-  and  impact
issue non-specific alkaline phosphatase acceleration-induced  head  injuries  cause  an acute  decrease  in the  level/activity  of  TNAP  in  the brain,
which  potentially  contributes  to trauma-induced  accumulation  of pTau  and the  resultant  tauopathy.  The
regional changes  in  the  level/activity  of  TNAP  or accumulation  of  pTau  after  these  injuries  did  not  correlate
with  the accumulation  of  amyloid  precursor  protein,  suggesting  that  the  basic  mechanism  underlying
tauopathy  in  TBI  might  be  distinct  from  that associated  with  AD.

©  2015 Elsevier  Ireland  Ltd.  All  rights  reserved.
. Introduction

Advancements in far-forward medical care have greatly
ncreased the survivability of traumatic brain injuries (TBIs), which

n recent military conflicts have been primarily attributable to the

idespread use of improvised explosive devices and other mod-
rn explosive weaponries. In particular, exposure to blast has been
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described as the major cause of TBI and associated disabilities in
the recent wars in Iraq and Afghanistan [20]. Although several bio-
chemical and histopathological changes have been preclinically
documented in the central nervous system after blast exposure
[7,8,16,19,26,29,33], the potentially complex pathophysiological
mechanisms triggering long-term neurobehavioral abnormalities
are not well understood, which has hampered the development of
effective countermeasures and diagnostic approaches.

Recent studies indicate that chronic traumatic encephalopathy

(CTE), a tau protein-linked neurodegenerative disorder which has
been observed in several athletes with a history of multiple con-
cussions, shares clinical symptoms and neuropathological features
described in victims of blast exposure [10]. In particular, phos-
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horylated Tau (pTau) protein neuropathology, with perivascular
eurofibrillary degeneration, is recognized as a distinct feature
f CTE and has been observed postmortem in the brains of blast
ictims and contact-sport athletes. Brains of mice exposed to
last overpressure in a shock tube also showed neuropathologi-
al features of CTE such as phosphorylated tauopathy, myelinated
xonopathy, microvasculopathy, neuroinflammation and neurode-
eneration, prompting postulation that blast-induced acceleration
f the head may  play an important role in the development of CTE-
ike neuropathology [10]. Phosphorylation of Tau protein disrupts

icrotubule assembly in neurons, which can result in tauopathy
nd the formation of neurofibrillary tangles seen in neurode-
enerative disorders such as Alzheimer’s disease (AD) [12,15,31].
ephosphorylation of pTau is critical to prevent tauopathy and to

estore microtubule assembly for neuroregeneration.
By dephosphorylating pTau in neurons, tissue non-specific alka-

ine phosphatase (TNAP) may  play a major role in the etiology of
rain disorders involving this neuropathological feature [12,15,31].
aired helical filaments and Tau protein isolated from AD patients’
rains were shown to form a microtubule assembly with tubulin

n vitro only after treatment with alkaline phosphatase or protein
hosphatase-2A, -2B and -1, suggesting that Tau protein in the
aired helical filaments of neurons in AD brain is hyperphospho-
ylated, which prevents microtubule assembly [12,15,31]. Alkaline
hosphatase showed significantly higher activity in dephosphory-

ating pTau compared to the other protein phosphatases studied
31].

A number of studies indicate that accumulation of amyloid
recursor protein (APP) and �-amyloid peptides induces the phos-
horylation of Tau, leading to microtubule disassembly, which is
n accepted neuropathological feature of AD [5,11,18,27,28,30,34].
ctivation of mitogen-activated protein kinase by accumulated APP
as been described as a mechanism yielding the phosphorylation
f Tau protein [11]. In a hybrid septal cell line, treatment with
ggregated �-amyloid peptide resulted in accumulation of pTau
nd paired helical filaments and alkaline phosphatase treatment
bolished the effect [18], emphasizing the potentially important
ole of �-amyloid peptide in triggering and TNAP in preventing Tau
hosphorylation.

In the present study, we utilized rat models of blast-induced
BI using a shock tube and impact acceleration-induced TBI using
eight drop and explored the acute changes in the expression

f pTau and level/activity of TNAP in different brain regions after
hese insults. We  have also examined whether the alterations in
he expression of pTau and TNAP are associated with a correspond-
ng acute change in the expression of APP to examine a possible role
f accumulated APP in the initiation and development of tauopathy
fter TBI.

. Experimental procedures

.1. Animals and blast injury

All animal experiments were conducted in accordance with the
nimal Welfare Act and other federal statutes and regulations relat-

ng to animals and experiments involving animals, and adhered
o principles stated in the Guide for the Care and Use of Labora-
ory Animals (NRC Publication 2011 edition) using an Institutional
nimal Care and Use Committee approved protocol. Male Sprague

awley rats, 9–10 weeks old that weighed 300–350 g (Charles
iver Laboratories, Wilmington, MA)  were housed at 20–22 ◦C (12 h

ight/dark cycle) with free access to food and water ad libitum. A
otal of 4 animals/group was used for each time point.
ters 609 (2015) 152–158 153

2.2. Brain injury by blast exposure

Blast exposure was carried out using a compressed air-driven
shock tube as described earlier [6]. Briefly, after 4% isoflurane gas
anesthesia in an induction box for 6 min  (O2 flow rate 2 L/min), rats
were immediately tautly secured in a transverse prone position in
coarse mesh netting 2.5 ft within the mouth of the 15 ft long and
1 ft internal diameter expansion chamber with the right side of the
head/body facing the pressure chamber. Rats were exposed to sin-
gle shockwave (peak static pressure of 19.0 psi (131 kPa) with a
9 ms  positive phase duration). Blast overpressure flow conditions
were recorded using piezoresistive pressure transducers (Meggit
Inc., San Juan Capistrano, CA) mounted in the rat holder which
provided measurements of total and side-on pressure waveforms.
Sham control animals were included in all individual experiments
and were treated in the same fashion without exposure to blast.

2.3. Brain injury by weight drop

As originally described by Marmarou et al. [21], the injury device
consisted of a vertically secured 2.5 m long Plexiglas tube with a
19 mm  inner diameter. A 0.014 inch Mylar helmet was mounted on
the heads of the isoflurane-anesthetized rats to prevent any skull
fracture during weight drop. The rats were placed in a prone posi-
tion on a 12 × 12 × 43 cm foam bed (Type E manufactured by Foam
to Size, Inc., Ashland, VA). After placing the rat on the foam bed,
the bed was  positioned directly under the tube. The rat’s head and
the cap were adjusted so that the striking plane was horizontal and
parallel to the impacting face of the falling weight. The animal’s
body was  held lightly on the form during impact. Brain injury was
produced by dropping the cylindrical weight (500 g) from a pre-
determined height (150 cm). Rebound impact by the weight was
prevented by sliding the foam bed and rat away from the tube
immediately after impact/acceleration. As noted above, sham con-
trols were anesthetized and handled without being subjected to
brain injury.

2.4. Sample collection for analyses

Rats were euthanized 6 and 24 h post-injury and blood plasma
and brain samples were collected. Cortex, hippocampus and brain-
stem were dissected and pooled across hemispheres over ice,
immediately frozen and stored at −80 ◦C along with blood plasma
until analyses.

2.5. Measurement of enzyme activity

The activity of TNAP in the brain and activity of total alka-
line phosphatase in the blood plasma were determined using a
diagnostic kit (Randox Laboratories, Kearneysville, WV)  accord-
ing to the manufacturer’s instructions. In this assay, the colorless
p-nitrophenyl phosphate is hydrolyzed to yellow colored p-
nitophenol by alkaline phosphatase at alkaline pH in the presence
of Magnesium ions. The absorbance of the yellow colored p-
nitrophenol formed, which will be directly proportional to the
activity of alkaline phosphatase, was measured at 400 nm. In the
case of brain tissue, 10% homogenates were made in T-PER tis-
sue protein extraction reagent (Pierce Chemical Co., Rockford, IL)
containing protease inhibitor cocktail (Sigma–Aldrich, St. Louis,
MO)  using an ultrasonic homogenizer. The homogenates were cen-
trifuged at 5000 × g for 5 min  at 4 ◦C and the supernatants were

used for the enzyme assay. Briefly, 5 �l of plasma or brain extract
were added to the reaction mixture in the wells of a 96 well assay
plate and the increase in optical density at 400 nm was measured
every minute up to 5 min  using SpectraMax M5  spectrophotometer
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ig. 1. (A) Western blotting showing the expression of pTau, with phosphorylatio
ntibody detects Tau protein only when the serine396 is phosphorylated. Represent
howing the ratio of band intensities of pTau and �-actin. Values are expressed as m

Molecular Devices, Sunnyvale, CA). The increase in optical density
er minute was used for determination of enzyme activity.

.6. Western blot analysis of brain homogenates

Brain homogenates (10% w/v) were prepared in T-PER tis-
ue protein extraction buffer (Pierce Chemical Co., Rockford,
L) containing protease and phosphatase inhibitor cocktails
Sigma–Aldrich, St. Louis, MO)  using an ultrasonic homogenizer.
he homogenates were centrifuged at 5000 × g for 5 min  at 4 ◦C
nd 2 �L each of supernatants were used for Western blotting.
abbit polyclonal antibodies, which bind specifically to phospho-
ylated serine396 (S396) of Tau protein, were purchased from
bcam (Cambridge, MA)  and used at dilution of 1:5000. Mouse
onoclonal antibodies against TNAP and �-actin were obtained

rom Sigma–Aldrich (St. Louis, MO)  and used at a dilution of
:2000 and 1:40,000, respectively. Secondary antibodies labeled
ith horse-radish peroxidase (HRP) was purchased from Santa Cruz
iotechnology (Santa Cruz, CA) and used at a dilution of 1:2500.

DS-polyacrylamide gel electrophoresis and Western blotting anal-
sis were carried out as previously described by us earlier [1]. After
estern blotting, the protein bands were detected using ECL-Plus
estern blot detection reagent (GE Healthcare, Piscataway, NJ) and

ig. 2. Activity of TNAP in different brain regions at 6 h and 24 h after blast or weight d
inute.  Values are expressed as mean ± SD. n = 4, *p < 0.05, **p < 0.01.
erine396, in different brain regions at 6 h and 24 h after blast or weight drop. The
gures from two rats out of four in each group are shown. (B) Densitometry analysis

 SD. *p < 0.05.

the chemiluminescence was imaged in an AlphaImage reader (Cell
Biosciences, Santa Clara, CA). The band intensity was measured by
densitometry using AlphaView software (Cell Biosciences, Santa
Clara, CA).

2.7. Statistical analysis

Statistical analysis was  carried out by Repeated Measures Anal-
ysis of Variance (ANOVA) followed by Tukey’s post-hoc test using
HSD multiple comparisons (SPSS software, Version 20). Values
were expressed as mean ± standard deviation (SD). A p value less
than 0.05 was  considered significant.

3. Results

3.1. Expression of pTau in brain regions after injury

Western blot analyses of extracts from the different brain
regions after either blast or weight drop showed significant

increases in the expression of pTau (S396) at 6 and 24 h post-insult
(Fig. 1), with increases ranging from 23 to 34 %. At 6 h, the ratios
(mean±SD) of band intensities of pTau/actin for sham, blast and
weight drop were 0.88 ± 0.06, 1.24 ± 0.17 and 1.34 ± 0.23 respec-

rop. One unit of enzyme activity is the micromoles of p-nitrophenol liberated per
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Fig. 3. Activity of alkaline phosphatase in the plasma at different intervals after
P. Arun et al. / Neuroscien

ively in the brain stem, 0.74 ± 0.02, 0.97 ± 0.11 and 1.12 ± 0.21
espectively in the hippocampus, and 0.79 ± 0.05, 1.03 ± 0.15 and
.15 ± 0.02 respectively in the cortex. At 24 h, the ratios for
ham, blast and weight drop were 0.84 ± 0.09, 1.09 ± 0.09 and
.04 ± 0.06, respectively in the brain stem, 0.76 ± 0.05, 0.86 ± 0.02
nd 0.87 ± 0.03, respectively in the hippocampus, and 0.78 ± 0.08,
.96 ± 0.01 and 0.97 ± 0.01, respectively in the cortex. Although the

ncreases resulting from the two different insults were not signif-
cantly different at these respective injury severities, the elevated
evels of pTau in different brain regions of animals exposed to blast
verpressure were generally less than those seen in rats subjected
o weight drop injury. The levels of pTau in different brain regions
ere similar 24 h after either insult and were significantly greater

han measured in the sham controls. We  have detected two adja-
ent bands in the Western blot at the expected position of pTau,
hich could be due to the difference in the number of amino acids
hosphorylated or due to other post-translational modifications to
au protein after injury. For densitometry analysis, the intensities
f both bands were used.

.2. Activity of TNAP in brain regions after injury

Fig. 2 shows the activity of TNAP in different brain regions at
 and 24 h after blast or weight drop induced brain injury. At 6 h,
he TNAP activity (units/mg protein) for sham, blast and weight
rop were 214.14 ± 62.81, 119.20 ± 16.66 and 106.86 ± 17.29,
espectively in the brain stem, 173.84 ± 47.69, 118.31 ± 19.24 and
07.21 ± 22.23, respectively in the hippocampus, 209.07 ± 116.54,
44.29 ± 28.38 and 125.51 ± 30.92 respectively in the cortex. At
4 h, the TNAP activity for sham, blast and weight drop were
06.88 ± 17.48, 166.02 ± 23.17 and 159.58 ± 18.25 respectively in
he brain stem, 181.52 ± 28.44, 140.93 ± 11.56 and 133.80 ± 22.52,
espectively in the hippocampus, 203.18 ± 20.59, 168.08 ± 16.82
nd 158.07 ± 20.80 respectively in the cortex. Both insults signifi-
antly decreased the activity of TNAP at both 6 and 24 h post-injury.
t 6 h post-injury, blast exposure decreased TNAP activity in brain-
tem, hippocampus, and cortex by 45%, 32% and 31% respectively,
hereas weight drop caused regional decreases of 51%, 39% and 40%

espectively. At 24 h, TNAP activity in brainstem, hippocampus and
ortex remained decreased by 20%, 23% and 18%, respectively after
last whereas after weight drop, the decreases were 23%, 27% and
3% respectively. Although once again the changes resulting from
he two insults were not significantly different, at these respective
njury severities, weight drop consistently caused slightly greater
ecreases in TNAP activity than were seen after blast exposure,
hich were greater at 6 h than at 24 h post-injury

.3. Activity of alkaline phosphatase in the plasma

The baseline activities of alkaline phosphatase in the plasma
or sham, blast and weight drop groups were 101.45 ± 15.27,
7.61 ± 16.72 and 94.05 ± 10.97, respectively. At 6 h, the activities
f alkaline phosphatase in the plasma for sham, blast and weight
rop group were 98.43 ± 19.78, 88.56 ± 19.58 and 63.61 ± 3.85
espectively. At 24 h, the activities of alkaline phosphatase in the
lasma for sham, blast and weight drop group were 90.48 ± 4.07,
3.08 ± 6.14 and 59.50 ± 5.30, respectively. Total alkaline phos-
hatase activity in the plasma decreased significantly at 6 and 24 h
fter weight drop, in contrast to blast exposure, which did not sig-

ificantly alter activity at either time post-injury (Fig. 3). Weight
rop caused 32% and 37% decreases in TNAP activity in the plasma
t 6 and 24 h respectively, yielding significantly different measure-
ents than were seen in sham and blast-injured rats at these times.
blast or weight drop. One unit of enzyme activity is the �moles of p-nitrophenol
liberated per minute. Baseline—plasma collected before injury. Values are expressed
as  mean ± SD. n = 4, *p < 0.05, **p < 0.01.

3.4. Expression of TNAP in the brain regions after blast and
weight drop

Fig. 4 shows the expression of TNAP in different brain regions
at 6 and 24 h post-injury. At 6 h, the ratios (mean ± SD) of band
intensities of TNAP/actin for sham, blast and weight drop were
0.84 ± 0.06, 0.70 ± 0.04 and 0.64 ± 0.07, respectively in the brain
stem, 0.81 ± 0.04, 0.69 ± 0.05 and 0.65 ± 0.06, respectively in the
hippocampus, 0.76 ± 0.11, 0.60 ± 0.01 and 0.59 ± 0.03, respectively
in the cortex. At 24 h, the ratios for sham, blast and weight drop
were 0.80 ± 0.02, 0.72 ± 0.03 and 0.71 ± 0.04, respectively in the
brain stem, 0.77 ± 0.05, 0.69 ± 0.02 and 0.69 ± 0.01, respectively in
the hippocampus, 0.74 ± 0.01, 0.68 ± 0.03 and 0.67 ± 0.02, respec-
tively in the cortex. Compared to sham controls, both blast and
weight drop significantly decreased the expression of TNAP at 6 and
24 h post-injury. The magnitudes of the changes in different brain
regions, ranged from 17 to 30 %, were quite comparable after either
insult and were generally greater at 6 than at 24 h post-injury.

3.5. Expression of APP in the brain regions after injury

The expression of APP in brain regions at 6 and 24 h after blast
or weight drop is shown in Fig. 5. At 6 h, the ratios (mean ± SD)
of band intensities of APP/actin for sham, blast and weight drop
were 0.99 ± 0.10, 1.18 ± 0.27 and 1.09 ± 0.19, respectively in the
brain stem, 0.94 ± 0.07, 1.11 ± 0.16 and 1.05 ± 0.18, respectively in
the hippocampus, 0.87 ± 0.07, 1.01 ± 0.16 and 0.98 ± 0.16, respec-
tively in the cortex. At 24 h, the ratios for sham, blast and weight
drop were 1.02 ± 0.06, 1.51 ± 0.27 and 1.25 ± 0.12, respectively in
the brain stem, 0.93 ± 0.02, 1.16 ± 0.12 and 1.00 ± 0.02 respectively
in the hippocampus, 0.86 ± 0.03, 1.18 ± 0.02 and 1.00 ± 0.08 respec-
tively in the cortex. The expression of APP in different brain regions
was increased significantly after blast and weight drop compared
to sham controls. Despite any statistical significance, the increased
expression of APP in the brain regions was more after blast exposure
compared to weight drop.

4. Discussion

In this study, we report for the first time that brain injury causes
an acute decrease in the protein level and activity of TNAP in the
brain which is associated with an acute increase in the phospho-
rylation of Tau protein. In view of the previously reported role of

this enzyme in the dephosphorylation of pTau protein, the acutely
diminished level and /activity of TNAP after injury might promote
the progressive accumulation of pTau as an early event leading to
eventual tauopathy. Neither decreased TNAP activity nor increased
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ig. 4. (A) Western blotting showing the expression of TNAP in different brain regi
our  in each group are shown. (B) Densitometry analysis showing the ratio of band 

ccumulation of pTau in the brain after injury correlated closely
ith the deposition of APP, suggesting a distinct mechanism of

auopathy after brain injury compared to AD.
There are at least four distinct forms of alkaline phosphatase

nzyme present in mammals - intestinal, placental, placental-
ike and TNAP (present in liver, bone, kidney, brain etc.). TNAP is
equenced in chromosome 1 and sequences for all other isozymes
re located in chromosome 2. In the brain, several roles for TNAP
ave been reported, which include: (1) involvement in the devel-
pment of the nervous system partly as an ectonucleotidase in
eurogenic zones [17], (2) participation in neuronal migration by

nteraction with collagen [4,22], (3) regulation of the synthesis
f neurotransmitters such as �-aminobutyric acid, dopamine and
erotonin [23] and (4) dephosphorylation of pTau [12,15,31]. As
escribed in the introduction, TNAP is the principal protein phos-
hatase enzyme present in the brain that is primarily involved

n the dephosphorylation of pTau. Although other protein phos-
hatases such as PP-1, 2A, 2B and 2C can also dephosphorylate

Tau, TNAP has been shown to have higher activity towards
Tau than these other phosphatases [31]; hence, a decrease in
NAP level/activity alone can result in significant accumulation of

ig. 5. (A) Western blotting showing the expression of APP in different brain regions at 6 

n  each group are shown. (B) Densitometry analysis showing the ratio of band intensities
 6 h and 24 h after blast or weight drop. Representative figures from two rats out of
ities of TNAP and �-actin. Values are expressed as mean ± SD. *p < 0.05.

pTau. Non-phosphorylated Tau protein is essential for microtubule
assembly with tubulin and accumulation of pTau disrupts this pro-
cess, resulting in neuronal hypofunction and even neuronal death.

The phosphorylation of Tau protein can occur on different amino
acids at specific locations of the amino acid sequence. Tau protein,
phosphorylated at serine396 (S396), is rich in the paired helical fil-
aments which form neurofibrillary tangles observed in the brains of
patients with AD [3,13,35]. Our results showed increased phospho-
rylation of S396 after blast and weight drop-induced brain injuries,
pointing to the possibility of formation of neurofibrillary tangles
after brain injury. Increased phosphorylation of Tau protein at S396
at 24 h after blast exposure has been previously reported [14], sup-
porting our current observation. In addition to S396, increased
phosphorylation of several other amino acids in the Tau protein was
observed in that study which could potentially also contribute to
disrupted microtubule assembly after blast exposure. Using head
impact-induced single and repetitive mild TBI in hTau mice, Ojo
et al. showed that repetitive, but not single, mild TBI also induced

the phosphorylation of Tau at a number of amino acid sites [25].
The phosphorylation of Tau protein after single head impact in the

and 24 h after blast or weight drop. Representative figures from two rats out of four
 of APP and �-actin. Values are expressed as mean ± SD. *p < 0.05.
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urrent study could simply reflect a more severe insult in these
ubjects than was produced by a single impact in this earlier work.

In the present study, we have shown that the protein levels and
ctivities of TNAP in the brain decreased significantly after blast
xposure or impact-acceleration and were associated with a sig-
ificant increase in the phosphorylation of Tau protein. At these
espective injury severities, the decreases in TNAP activity were
reater after weight drop than after blast and were concomitantly
ssociated with comparably greater increases in the levels of pTau,
uggesting that decreased TNAP activity may  in part be responsible
or the accumulation of pTau after these brain insults. If persistent,
ecreased TNAP activity might promote progressive accumulation
f pTau, culminating in tauopathy and conditions associated with
hronic diseases such as CTE. Long-term studies evaluating the
evel/activity of TNAP and the accumulation of pTau in the brain are

arranted to determine their roles in the development of chronic
iseases. The decrease in the activity of the enzyme could be due
o the decreased level of the protein or due to an inhibition of
he enzyme activity. Western blot analyses of extracts from the
hree brain regions indicate that the TNAP protein level consis-
ently decreased after the brain insults. The decreased protein level
f TNAP in the brain regions could be due to decreased synthe-
is or increased degradation after injury, and further studies using
essenger RNA levels are warranted to delineate the underlying
echanism.
The major alkaline phosphatase isozyme present in the blood

s TNAP [24], and the decrease in the activity of TNAP in the brain
as associated with a significant decrease in the activity of total

lkaline phosphatase in the plasma after weight drop but not after
last exposure. Although it is not clear why plasma alkaline phos-
hatase activity declines after weight drop, this parallel with the
rain points to the possibility that the two changes are related and
hat phosphatase activity in the circulation might be attributed to
NAP enzyme originating in the brain, which is diminished after
njury. Unlike weight drop, where injury is localized to the brain,
last is a whole body insult affecting multiple organ systems; con-
equently, changes in total alkaline phosphatase activity in the
irculation after blast may  more generally reflect the net outcome
f its composite effects on multiple organ systems and not just
rain. In particular, since blast exposure disrupts cell membranes in
arious organs resulting in the release of enzymes and other intra-
ellular components [1,2,32], it is possible that unlike weight drop
njury, blast exposure causes the release/leakage of different alka-
ine phosphatase isozymes into the plasma from peripheral organs
uch as liver, kidney, intestine, placenta, bone etc., all of which con-
ribute to the alkaline phosphatase activity measured in plasma
fter blast exposure.

TNAP activity in the plasma has been reported to increase
fter 7 days post-injury in patients with different brain injury
onditions such as post-resuscitation encephalopathy, ruptured
erebral aneurysms, subdural hematoma, cerebral contusion and
on-traumatic intracerebral hemorrhage [36]. Although no change

n TNAP activity was observed in those patients at early stages of
njury, patients who died at early stages of injury had very low or
ndetectable TNAP activity in their plasma, which is in agreement
ith our observation of low TNAP activity at acute stages of injury.

In AD, the accumulation of amyloid plaques have been reported
o precede and promote tauopathy [11,18,27,28,30,34]. In particu-
ar, formation of amyloid � (A�)  protein has been shown to enhance
he phosphorylation of Tau protein, resulting in neurofibrillary tan-
le formation in an APP and Tau double transgenic mouse model
28]. The phosphorylation of Tau protein has been further proposed

o involve the activation of mitogen-activated protein kinase by
ccumulated APP or A� protein [11]. In contrast, previous shock
ube studies with rats revealed a divergence in the changes of these
roteins in brain after blast exposure. Whereas the expression of
ters 609 (2015) 152–158 157

APP increased in the brain at 24 h after blast and increased fur-
ther after 1 week, the levels of A� peptides progressively decreased
during this time [9], indicating that increased accumulation of A�
peptides may  not trigger the phosphorylation of Tau protein after
blast exposure. In the present study, comparison of the accumula-
tion of pTau (S396) in brain after weight drop and blast injury (Fig. 1)
with the expression of APP after these insults (Fig. 5), reveals a sim-
ilar divergence in these measurements, reinforcing interpretation
that accumulated APP may  not play a substantial role promoting
the phosphorylation of Tau protein after blast exposure. Blast or
weight drop didn’t increase the expression of APP in the brain at
6 h post-injury. At 24 h, both insults significantly increased expres-
sion of APP, but the greatest increase in APP was observed after
blast exposure (Fig. 5) unlike pTau, where the greatest increase
was evoked by weight drop (Fig. 1). Although these disparities do
not rule out APP promoting phosphorylation of Tau, they neverthe-
less do raise the possibility that the neurobiological mechanisms
yielding tauopathy after TBI might be distinct from those of AD.

5. Conclusion

Brain injury after blast exposure or weight drop results in a sig-
nificant decrease in the expression and activity of TNAP which is
associated with a significant increase in the accumulation of pTau
in different brain regions. In view of the known function of TNAP
in dephosphorylating pTau, the accumulation of pTau after brain
injury could be attributed to the decreased TNAP activity/levels in
the brain after the injury. The decreased activity of TNAP in the
brain after injury was associated with a significantly decreased total
alkaline phosphatase activity in the plasma. The accumulation of
pTau after brain injury did not show a positive correlation with
the expression of APP in different brain regions, indicating that the
mechanism of tauopathy after brain injury could be distinct from
that of AD.

Disclaimer

The contents, opinions and assertions contained herein are pri-
vate views of the authors and are not to be construed as official or
reflecting the views of the Department of the Army or the Depart-
ment of Defense. The authors report no conflict of interest.

Acknowledgements

Technical help received from Rania Abu-Taleb, Andrea Edwards
and Cory Riccio is greatly acknowledged. This work was supported
by Congressionally Directed Medical Research Program awards
W81XWH-08-2-0018 and W81XWH-11-2-0127 to JBL.

References

[1] P. Arun, R. Abu-Taleb, S. Oguntayo, M.  Tanaka, Y. Wang, M.  Valiyaveettil, J.B.
Long, Y. Zhang, M.P. Nambiar, Distinct patterns of expression of traumatic
brain injury biomarkers after blast exposure: role of compromised cell
membrane integrity, Neurosci. Lett. 552 (2013) 87–91.

[2] P. Arun, S. Oguntayo, Y. Alamneh, C. Honnold, Y. Wang, M.  Valiyaveettil, J.B.
Long, M.P. Nambiar, Rapid release of tissue enzymes into blood after blast
exposure: potential use as biological dosimeters, PloS one 7 (2012) e33798.

[3] J. Bertrand, V. Plouffe, P. Senechal, N. Leclerc, The pattern of human tau
phosphorylation is the result of priming and feedback events in primary
hippocampal neurons, Neuroscience 168 (2010) 323–334.

[4] M.  Bossi, M.F. Hoylaerts, J.L. Millan, Modifications in a flexible surface loop
modulate the isozyme-specific properties of mammalian alkaline
phosphatases, J. Biol. Chem. 268 (1993) 25409–25416.

[5] J. Busciglio, A. Lorenzo, J. Yeh, B.A. Yankner, Beta-amyloid fibrils induce tau

phosphorylation and loss of microtubule binding, Neuron 14 (1995) 879–888.

[6] E. Calabrese, F. Du, R.H. Garman, G.A. Johnson, C. Riccio, L.C. Tong, J.B. Long,
Diffusion tensor imaging reveals white matter injury in a rat model of
repetitive blast-induced traumatic brain injury, J. Neurotrauma 31 (2014)
938–950.

http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0005
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0010
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0015
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0020
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0025
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0030


1 ce Let

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
presence of the P301L mutation targets the microtubule-associated protein
Tau to dendritic spines, Biochim. Biophys. Acta 1852 (2015) 913–924.

[36] M.  Yamashita, M.  Sasaki, K. Mii, M.  Tsuzuki, K. Takakura, S. Yoshinoya, A.
58 P. Arun et al. / Neuroscien

[7] I. Cernak, A.C. Merkle, V.E. Koliatsos, J.M. Bilik, Q.T. Luong, T.M. Mahota, L. Xu,
N.  Slack, D. Windle, F.A. Ahmed, The pathobiology of blast injuries and
blast-induced neurotrauma as identified using a new experimental model of
injury in mice, Neurobiol. Dis. 41 (2011) 538–551.

[8] I. Cernak, Z. Wang, J. Jiang, X. Bian, J. Savic, Ultrastructural and functional
characteristics of blast injury-induced neurotrauma, J. Trauma 50 (2001)
695–706.

[9] R. De Gasperi, M.A. Gama Sosa, S.H. Kim, J.W. Steele, M.C. Shaughness, E.
Maudlin-Jeronimo, A.A. Hall, S.T. Dekosky, R.M. McCarron, M.P. Nambiar, S.
Gandy, S.T. Ahlers, G.A. Elder, Acute blast injury reduces brain abeta in two
rodent species, Front. Neurol. 3 (2012) 177.

10] L.E. Goldstein, A.M. Fisher, C.A. Tagge, X.L. Zhang, L. Velisek, J.A. Sullivan, C.
Upreti, J.M. Kracht, M.  Ericsson, M.W.  Wojnarowicz, C.J. Goletiani, G.M.
Maglakelidze, N. Casey, J.A. Moncaster, O. Minaeva, R.D. Moir, C.J. Nowinski,
R.A. Stern, R.C. Cantu, J. Geiling, J.K. Blusztajn, B.L. Wolozin, T. Ikezu, T.D. Stein,
A.E.  Budson, N.W. Kowall, D. Chargin, A. Sharon, S. Saman, G.F. Hall, W.C.
Moss, R.O. Cleveland, R.E. Tanzi, P.K. Stanton, A.C. McKee, Chronic traumatic
encephalopathy in blast-exposed military veterans and a blast neurotrauma
mouse model, Sci. Transl. Med. 4 (2012) 134ra160.

11] S.M. Greenberg, E.H. Koo, D.J. Selkoe, W.Q. Qiu, K.S. Kosik, Secreted
beta-amyloid precursor protein stimulates mitogen-activated protein kinase
and enhances tau phosphorylation, Proc. Natl. Acad. Sci. U. S. A. 91 (1994)
7104–7108.

12] D.P. Hanger, J.P. Brion, J.M. Gallo, N.J. Cairns, P.J. Luthert, B.H. Anderton, Tau in
Alzheimer’s disease and Down’s syndrome is insoluble and abnormally
phosphorylated, Biochem. J. 275 (Pt. 1) (1991) 99–104.

13] D.P. Hanger, K. Hughes, J.R. Woodgett, J.P. Brion, B.H. Anderton, Glycogen
synthase kinase-3 induces Alzheimer’s disease-like phosphorylation of tau:
generation of paired helical filament epitopes and neuronal localisation of the
kinase, Neurosci. Lett. 147 (1992) 58–62.

14] B.R. Huber, J.S. Meabon, T.J. Martin, P.D. Mourad, R. Bennett, B.C. Kraemer, I.
Cernak, E.C. Petrie, M.J. Emery, E.R. Swenson, C. Mayer, E. Mehic, E.R. Peskind,
D.G. Cook, Blast exposure causes early and persistent aberrant phospho- and
cleaved-tau expression in a murine model of mild blast-induced traumatic
brain injury, J. Alzheimers Dis. JAD 37 (2013) 309–323.

15] K. Iqbal, T. Zaidi, C. Bancher, I. Grundke-Iqbal, Alzheimer paired helical
filaments. Restoration of the biological activity by dephosphorylation, FEBS
Lett. 349 (1994) 104–108.

16] J.D. Kocsis, A. Tessler, Pathology of blast-related brain injury, J. Rehabil. Res.
Dev. 46 (2009) 667–672.

17] D. Langer, Y. Ikehara, H. Takebayashi, R. Hawkes, H. Zimmermann, The
ectonucleotidases alkaline phosphatase and nucleoside triphosphate
diphosphohydrolase 2 are associated with subsets of progenitor cell
populations in the mouse embryonic, postnatal and adult neurogenic zones,
Neuroscience 150 (2007) 863–879.

18] W.D. Le, W.J. Xie, R. Kong, S.H. Appel, Beta-amyloid-induced neurotoxicity of a
hybrid septal cell line associated with increased tau phosphorylation and
expression of beta-amyloid precursor protein, J. Neurochem. 69 (1997)
978–985.

19] J.B. Long, T.L. Bentley, K.A. Wessner, C. Cerone, S. Sweeney, R.A. Bauman, Blast
overpressure in rats: recreating a battlefield injury in the laboratory, J.
Neurotrauma 26 (2009) 827–840.
20] J. Magnuson, F. Leonessa, G.S. Ling, Neuropathology of explosive blast
traumatic brain injury, Curr. Neurol. Neurosci. Rep. 12 (2012) 570–579.

21] A. Marmarou, M.A. Foda, W.  van den Brink, J. Campbell, H. Kita, K.
Demetriadou, A new model of diffuse brain injury in rats. Part I:
pathophysiology and biomechanics, J. Neurosurg. 80 (1994) 291–300.
ters 609 (2015) 152–158

22] S. Narisawa, H. Hasegawa, K. Watanabe, J.L. Millan, Stage-specific expression
of  alkaline phosphatase during neural development in the mouse, Dev. Dyn.
Off.  Publ. Am.  Assoc. Anat. 201 (1994) 227–235.

23] L. Negyessy, J. Xiao, O. Kantor, G.G. Kovacs, M. Palkovits, T.P. Doczi, L. Renaud,
G. Baksa, T. Glasz, M.  Ashaber, P. Barone, C. Fonta, Layer-specific activity of
tissue non-specific alkaline phosphatase in the human neocortex,
Neuroscience 172 (2011) 406–418.

24] Y. Nishihara, Y. Hayashi, T. Fujii, T. Adachi, T. Stigbrand, K. Hirano, The alkaline
phosphatase in human plexus chorioideus, Biochim. Biophys. Acta 1209
(1994) 274–278.

25] J.O. Ojo, B. Mouzon, M.B. Greenberg, C. Bachmeier, M. Mullan, F. Crawford,
Repetitive mild traumatic brain injury augments tau pathology and glial
activation in aged hTau mice, J. Neuropathol. Exp. Neurol. 72 (2013) 137–151.

26] A. Saljo, F. Bao, J. Shi, A. Hamberger, H.A. Hansson, K.G. Haglid, Expression of
c-Fos and c-Myc and deposition of beta-APP in neurons in the adult rat brain
as  a result of exposure to short-lasting impulse noise, J. Neurotrauma 19
(2002) 379–385.

27] E. Samura, M.  Shoji, T. Kawarabayashi, A. Sasaki, E. Matsubara, T. Murakami, X.
Wuhua, S. Tamura, M.  Ikeda, K. Ishiguro, T.C. Saido, D. Westaway, P. St George
Hyslop, Y. Harigaya, K. Abe, Enhanced accumulation of tau in doubly
transgenic mice expressing mutant betaAPP and presenilin-1, Brain Res. 1094
(2006) 192–199.

28] Y. Seino, T. Kawarabayashi, Y. Wakasaya, M.  Watanabe, A. Takamura, Y.
Yamamoto-Watanabe, T. Kurata, K. Abe, M.  Ikeda, D. Westaway, T. Murakami,
P.S.  Hyslop, E. Matsubara, M.  Shoji, Amyloid beta accelerates phosphorylation
of tau and neurofibrillary tangle formation in an amyloid precursor protein
and tau double-transgenic mouse model, J. Neurosci. Res. 88 (2010)
3547–3554.

29] S.I. Svetlov, V. Prima, D.R. Kirk, H. Gutierrez, K.C. Curley, R.L. Hayes, K.K. Wang,
Morphologic and biochemical characterization of brain injury in a model of
controlled blast overpressure exposure, J. Trauma 69 (2010) 795–804.

30] Y. Tomidokoro, K. Ishiguro, Y. Harigaya, E. Matsubara, M.  Ikeda, J.M. Park, K.
Yasutake, T. Kawarabayashi, K. Okamoto, M.  Shoji, Abeta amyloidosis induces
the initial stage of tau accumulation in APP(Sw) mice, Neurosci. Lett. 299
(2001) 169–172.

31] J.Z. Wang, I. Grundke-Iqbal, K. Iqbal, Restoration of biological activity of
Alzheimer abnormally phosphorylated tau by dephosphorylation with protein
phosphatase-2A, -2B and -1, Brain Res. Mol. Brain Res. 38 (1996) 200–208.

32] Y. Wang, P. Arun, Y. Wei, S. Oguntayo, R. Gharavi, M.  Valiyaveettil, M.P.
Nambiar, J.B. Long, Repeated blast exposures cause brain DNA fragmentation
in  mice, J. Neurotrauma 31 (2014) 498–504.

33] Y. Wang, Y. Wei, S. Oguntayo, W.  Wilkins, P. Arun, M.  Valiyaveettil, J. Song, J.B.
Long, M.P. Nambiar, Tightly coupled repetitive blast-induced traumatic brain
injury: development and characterization in mice, J. Neurotrauma 28 (2011)
2171–2183.

34] Z.F. Wang, H.L. Li, X.C. Li, Q. Zhang, Q. Tian, Q. Wang, H.  Xu, J.Z. Wang, Effects
of  endogenous beta-amyloid overproduction on tau phosphorylation in cell
culture, J. Neurochem. 98 (2006) 1167–1175.

35] D. Xia, C. Li, J. Gotz, Pseudophosphorylation of Tau at distinct epitopes or the
Ohkubo, Measurement of serum alkaline phosphatase isozyme I in
brain-damaged patients, Neurol. Med. Chir. 29 (1989) 995–998.

http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0035
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0040
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0045
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0050
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0055
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0060
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0065
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0070
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0075
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0080
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0080
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0080
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0080
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0080
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0080
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0080
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0080
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0080
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0080
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0080
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0080
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0080
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0080
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0080
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0080
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0080
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0080
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0085
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0090
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0095
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0100
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0105
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0110
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0115
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0120
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0125
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0130
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0135
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0140
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0145
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0150
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0155
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0160
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0165
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0170
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0175
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180
http://refhub.elsevier.com/S0304-3940(15)30200-7/sbref0180


ORIGINAL RESEARCH ARTICLE
published: 16 July 2012

doi: 10.3389/fneur.2012.00111

Acute minocycline treatment mitigates the symptoms of
mild blast-induced traumatic brain injury
Erzsebet Kovesdi 1, Alaa Kamnaksh2,3, Daniel Wingo2, Farid Ahmed 2,3, Neil E. Grunberg3,4, Joseph B. Long5,
Christine E. Kasper 1 and Denes V. Agoston2*
1 U.S. Department of Veterans Affairs, Veterans Affairs Central Office, Washington, DC, USA
2 Department of Anatomy, Physiology and Genetics, School of Medicine, Uniformed Services University, Bethesda, MD, USA
3 Center for Neuroscience and Regenerative Medicine at the Uniformed Services University, Bethesda, MD, USA
4 Department of Medical and Clinical Psychology, School of Medicine, Uniformed Services University, Bethesda, MD, USA
5 Blast-Induced Neurotrauma Branch, Center for Military Psychiatry and Neuroscience, Walter Reed Army Institute of Research, Silver Spring, MD, USA

Edited by:
Mårten Risling, Karolinska Institutet,
Sweden

Reviewed by:
Mattias Sköld, Uppsala University,
Sweden
Candace L. Floyd, University of
Alabama at Birmingham, USA

*Correspondence:
Denes V. Agoston, Department of
Anatomy, Physiology and Genetics,
School of Medicine, Uniformed
Services University, 4301 Jones
Bridge Road, Bethesda, MD 20814,
USA.
e-mail: vagoston@usuhs.edu

Mild traumatic brain injury (mTBI) represents a significant challenge for the civilian and
military health care systems due to its high prevalence and overall complexity. Our earlier
works showed evidence of neuroinflammation, a late onset of neurobehavioral changes,
and lasting memory impairment in a rat model of mild blast-inducedTBI (mbTBI).The aim of
our present study was to determine whether acute treatment with the non-steroidal anti-
inflammatory drug minocycline (Minocin®) can mitigate the neurobehavioral abnormalities
associated with mbTBI, Furthermore, we aimed to assess the effects of the treatment
on select inflammatory, vascular, neuronal, and glial markers in sera and in brain regions
associated with anxiety and memory (amygdala, prefrontal cortex, ventral, and dorsal hip-
pocampus) following the termination (51 days post-injury) of the experiment. Four hours
after a single exposure to mild blast overpressure or sham conditions, we treated animals
with a daily dose of minocycline (50 mg/kg) or physiological saline (vehicle) for four con-
secutive days. At 8 and 45 days post-injury, we tested animals for locomotion, anxiety, and
spatial memory. Injured animals exhibited significantly impaired memory and increased anx-
iety especially at the later testing time point. Conversely, injured and minocycline treated
rats’ performance was practically identical to control (sham) animals in the open field, ele-
vated plus maze, and Barnes maze. Protein analyses of sera and brain regions showed
significantly elevated levels of all of the measured biomarkers (except VEGF) in injured
and untreated rats. Importantly, minocycline treatment normalized serum and tissue lev-
els of the majority of the selected inflammatory, vascular, neuronal, and glial markers. In
summary, acute minocycline treatment appears to prevent the development of neurobe-
havioral abnormalities likely through mitigating the molecular pathologies of the injury in
an experimental model of mbTBI.

Keywords:TBI, anti-inflammatory, treatment, neurobehavior, proteomics

INTRODUCTION
Traumatic brain injury (TBI) is a prominent health concern world-
wide as it is one of the major causes of death and chronic disability
(Hyder et al., 2007). The mild form of traumatic brain injury
(mTBI) has become an especially significant challenge for the
civilian (Thurman et al., 1999) and the military healthcare sys-
tems (Hoge et al., 2008; Tanielian and Jaycox, 2008) due to its high
prevalence and the absence of serious acute symptoms following
injury. Blast-induced mTBI (mbTBI) was the most frequent form
of mTBIs sustained during recent military conflicts (Warden, 2006;
Terrio et al., 2009). There is currently no objective diagnosis for
mbTBI, a minimal understanding of its underlying pathologies,
and consequently a lack of specific, evidence based treatments.

Symptoms of blast-induced TBI (bTBI) include increased anx-
iety as well as memory impairment that may not be detectable
for weeks or months after the exposure (Ryan and Warden, 2003;
Okie, 2005; Nelson et al., 2009; Terrio et al., 2009; Cernak and

Noble-Haeusslein, 2010; Hoffer et al., 2010). The delayed onset of
neurobehavioral impairments suggests a lasting secondary injury
process involving distinct brain regions (Moser and Moser, 1998).
The ventral hippocampus (VHC) along with the prefrontal cortex
(PFC) and the amygdala (AD) are involved in mediating anxiety,
while the dorsal hippocampus (DHC) is involved in mediating
spatial learning and memory (Henke, 1990; Moser and Moser,
1998; Bremner, 2005, 2007). Using a rat model of bTBI, we found
that a single mild blast overpressure exposure results in increased
anxiety and memory impairment (Kovesdi et al., 2011; Kwon et al.,
2011). Importantly, the memory impairment was not detectable
within the first week of the exposure; it became significant 2 weeks
post-injury and persisted for at least 2 months after (Kovesdi et al.,
2011; Kwon et al., 2011).

Our immunohistochemical and proteomics analyses of these
animals showed evidence of neuronal and glial cell loss, gliosis,
and neuroinflammation at 2 months post-injury. In addition to
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an increased presence of microglia in the DHC and the VHC of
injured animals as well as increased tissue levels of interleukin-6
(IL-6) and interferon-gamma (IFNγ) in these brain regions. Neu-
roinflammation can adversely affect neuronal function by directly
causing neuronal cell death as well as increasing neuron vulnera-
bility to noxious factors like excitotoxins, which are also elevated
after injury (Arvin et al., 1996; Morganti-Kossmann et al., 2002;
Cacci et al., 2005; Floyd and Lyeth, 2007; Kochanek et al., 2008;
Agoston et al., 2009; Agostinho et al., 2010; Czlonkowska and
Kurkowska-Jastrzebska, 2011; Robel et al., 2011). Based on our
previous evidence linking neuroinflammation to neurobehavioral
abnormalities (Kovesdi et al., 2011), we hypothesized that anti-
inflammatory treatment may improve the functional outcome
in mbTBI.

To test our hypothesis, we selected the anti-inflammatory drug
minocycline for several reasons. Minocycline hydrochloride eas-
ily crosses the blood brain barrier (BBB), is well characterized,
safe, FDA approved, and has been used experimentally and clin-
ically (Macdonald et al., 1973; Saivin and Houin, 1988). Similar
to its tetracycline analogs, the side effects of minocycline treat-
ment are mild and include discoloration of the teeth, gastroin-
testinal irritability, and candidiasis (Fanning et al., 1977; Gump
et al., 1977). In humans, long-term treatment is generally safe
and is well tolerated up to 200 mg/day. In animals, the lethal dose
of minocycline is very high at 3600 mg/kg (Blum et al., 2004);
the “therapeutic” dosage utilized in animal experiments ranges
between 10 and 90 mg/kg with an average of 50 mg/kg for daily
treatments (e.g., Wells et al., 2003; Stirling et al., 2004; Festoff
et al., 2006; Li and McCullough, 2009; Abdel Baki et al., 2010;
Lee et al., 2010; Siopi et al., 2011; Wixey et al., 2011; Ng et al.,
2012).

Minocycline has been successfully used in various animal mod-
els of brain and spinal cord injuries as well as neurodegenerative
diseases like Huntington’s (Blum et al., 2004), where it was shown
to reduce tissue damage and inflammation, and improve neuro-
logical outcome (Yrjanheikki et al., 1999; Chen et al., 2000; Kriz
et al., 2002; Wu et al., 2002; Wells et al., 2003; Xu et al., 2004; Zemke
and Majid, 2004; Festoff et al., 2006; Marchand et al., 2009). Using a
rat model of mbTBI, we report that acute treatment with minocy-
cline mitigates the inflammatory response to injury and results in
normalized neurobehavior.

MATERIALS AND METHODS
EXPERIMENTAL GROUPS AND HOUSING CONDITIONS
Thirty-two male Sprague Dawley rats (Charles River Laborato-
ries, Wilmington, MA, USA) were used, weighing 245–265 g at
the beginning of the experiment. All animals were kept under
normal housing conditions (two rats/cage) in a reverse 12–12 h
light-dark cycle and provided with food and water ad libitum
for the entire length of the study. Following baseline behav-
ioral testing (described below), animals were assigned to one
of the following experimental groups: (1) sham saline treated
(sham-vehicle; n= 8) and (2) sham minocycline treated (sham-
mino; n= 8), which served as controls for (3) blast injured saline
treated (injured-vehicle; n= 8) and (4) blast injured-minocycline
treated (injured-mino; n= 8), respectively. All animals were han-
dled according to protocol approved by the Institutional Animal

Care and Use Committee (IACUC) at the Uniformed Services
University (USU).

BEHAVIORAL TESTS
Prior to injury, all rats underwent baseline behavioral assessments
for general locomotor activity by the open field (OF) test, and for
anxiety by the elevated plus maze (EPM). Rats were also trained
for five consecutive days in the Barnes maze (BM) for spatial learn-
ing and memory. The baseline test results (data not shown) were
used to create the aforementioned experimental groups with no
statistical significance among them. Following injury or sham, two
behavioral test sessions were conducted starting at 8 and 45 days.
The experimental schedule is illustrated in Figure A1 in Appendix.
Within each testing session, the behavioral tests were performed
on separate days in the following order: OF (day 1), EPM (day 2),
and BM (days 3–7). All behavioral tests were performed during
animals’ dark cycle.

Open field
Tests were performed using AccuScan’s infrared light beams
OF system (AccuScan Instruments, Inc.) at baseline and 1, 8,
and 45 days post-injury. The OF system is a 16.5× 16.5× 13
(L×W×H) inches clear Plexiglas arena with a perforated lid. The
system uses 16× 16 grid light beam arrays in the X and Y axes to
measure locomotor activity. The system detects beam breaks by the
animal and determines the location of the rat within the cage. Dur-
ing the 60 min testing period, horizontal activity (number of beam
breaks) and resting time (time spent with inactivity greater than or
equal to 1 s) were measured. Data for each animal were recorded
and analyzed automatically with Fusion 3.4 software (AccuScan
Instruments, Inc.). The horizontal activity and resting time are
presented as the average performance of all animals in each exper-
imental group ±standard error of the mean (SEM) at each of the
individual time points.

Elevated plus maze
The EPM is an ethologically relevant assessment of anxiety levels
in rodents (Carobrez and Bertoglio, 2005; Salzberg et al., 2007;
Walf and Frye, 2007). Tests were carried out prior to injury and at
9 and 46 days post-injury as described earlier in details (Kovesdi
et al., 2011). Briefly, rats were placed one by one in the center of
the maze facing one of the open arms. During the 5 min testing
session, each animal was allowed to explore the maze freely while
its movement was video-tracked. Time spent in the open and the
closed arms (seconds) was recorded for each animal using ANY-
maze 4.2 Software (Stoelting Company, Wood Dale, IL, USA). The
maze was cleaned with a 30% ethanol solution between each trial.
Data are presented as the average time (in seconds) spent in the
open vs. the closed arms of the maze in each experimental group
±SEM.

Barnes maze
Barnes maze represents a widely used and less stressful alternative
to the Morris water maze for assessing spatial memory in rodents
(Barnes, 1979; Maegele et al., 2005; Doll et al., 2009; Harrison
et al., 2009). Tests were carried out prior to injury (training ses-
sion), and at 10 and 47 days post-injury (Test Session I and II,
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respectively; Kovesdi et al., 2011). The maze is a circular platform
(1.2 m in diameter) that contains 18 evenly spaced holes around
the periphery. One of the holes is the entrance to a darkened escape
box that is not visible from the surface of the board. The position
of the escape chamber relative to the other holes and the testing
room remains fixed during all BM trials. On the first day of the
training session, each rat was placed in the escape box and cov-
ered for 30 s. The escape box was then removed with the animal
inside and moved to the center of the maze. The rat was allowed
to explore the maze for a few seconds after which it was returned
to its home cage. In the second and third trial (only day 1 of
the BM training session has three trials), the same rat was placed
under a start box in the center of the maze for 30 s. The start box
was removed and the rat was allowed to explore freely to find the
escape box. Training sessions ended after the animal had entered
the escape box or when a pre-determined time (240 s) had elapsed.
If the animal had not found the escape box during the given time
period, it was placed in the escape box for 1 min at the end of
the trial. During the baseline BM session, animals were trained
until their daily latency time averaged 10 s. The two post-injury
BM test sessions were run for five consecutive days; every rat was
tested twice per day as described above. In each trial, the latency
to enter the escape box was measured and recorded using ANY-
maze 4.2 Software (Stoelting Company, Wood Dale, IL, USA). The
escape box and the maze were cleaned with a 30% ethanol solution
between each trial and animal. Data are presented as the average
latency times of two daily trials per animal per experimental group
±SEM.

MILD BLAST INJURY
On the day of the injury all rats (average weight ∼300 g) were
transferred to Walter Reed Army Institute of Research (Silver
Spring, MD, USA) as described in detail (Kamnaksh et al., 2011).
Sixteen rats were exposed to whole body mbTBI as described
earlier (Long et al., 2009; Kovesdi et al., 2011; Kwon et al.,
2011). Briefly, rats were anesthetized with 4% Isoflurane for 6 min
in an induction chamber (Forane, Baxter Healthcare Corpora-
tion, Deerfield, IL, USA), placed in an animal holder within the
shock tube in a transverse prone position, and exposed to whole
body blast overpressure (20.6± 3 psi) while wearing chest pro-
tection. The other 16 rats were similarly anesthetized, placed
in the shock tube, but were not exposed to blast overpressure
(sham). Following blast injury or sham, rats were moved back
to their home cages and transported back to the USU animal
facility.

PHARMACOLOGICAL TREATMENT
Four hours after injury or sham, rats received a total volume
of 0.25 ml/100 g body weight of either physiological saline alone
(vehicle) or 50 mg/kg of clinical grade minocycline (Minocin®,
Triax Pharmaceuticals, Italy) dissolved in saline (mino) intraperi-
toneally (i.p.). Animals received minocycline or saline for four
consecutive days at identical times each day. Our minocycline
dosage and treatment paradigm was based on previous studies
using rodent models of various neurological conditions where
minocycline was administered i.p. at an average dose of 50 mg/kg
(see Table A1 in Appendix).

TISSUE COLLECTION AND PROCESSING
At the completion of the last behavioral test session (51 days post-
injury or sham), animals were placed inside an induction chamber
saturated with Isoflurane and deeply anesthetized until a tail pinch
produced no reflex movement. Anesthesia was maintained using
a mask/nose cone attached to the anesthetic vaporizer and blood
was collected (1.5 ml) from a tail vein; serum was prepared as
described earlier (Kwon et al., 2011). For measuring tissue levels
of protein markers, rats were decapitated and brains were immedi-
ately removed and placed on ice. The amygdala (AD), PFC, VHC,
and DHC were dissected, frozen, and stored at−80˚C until use as
described earlier (Kwon et al., 2011).

Protein measurements
Sample preparation, printing, scanning, and data analysis of
serum and brain regions were performed using Reverse Phase
Protein Microarray (RPPM) as described earlier (Kovesdi et al.,
2011; Kwon et al., 2011). Briefly, frozen brain tissues were pul-
verized in liquid nitrogen, the powder was transferred into a
lysis buffer (Thermo Fisher, Waltham, MA, USA) with protease
and phosphatase inhibitors (Thermo Fisher), sonicated, cen-
trifuged, and the supernatants aliquoted and stored at −80˚C.
Protein concentrations were measured by BCA assay (Thermo
Fisher). Blood samples were centrifuged at 10,000× g for 15 min
at 4˚C; supernatants were aliquoted, flash-frozen, and stored
at−80˚C.

Tissue samples were diluted in print buffer and then subjected
to an 11-point serial 1:2 dilution and transferred into Genetix 384-
well plates (X7022, Fisher Scientific, Pittsburg, PA, USA) using
a JANUS Varispan Integrator and Expanded Platform Worksta-
tion (PerkinElmer, Waltham, MA, USA). Plates were transferred
into an Aushon 2470 Arrayer (Aushon Biosystem, Billerica, MA,
USA) to be printed on ONCYTE Avid (brain samples) or ONCYTE
Nova (serum samples) single-pad nitrocellulose coated glass slides
(Grace Bio-Labs, Bend, OR, USA; Gyorgy et al., 2010).

Primary antibodies (Table A2 in Appendix) were diluted to
10× the optimal Western analysis concentration in antibody incu-
bation buffer as described earlier (Gyorgy et al., 2010). The pri-
mary antibody solution was incubated overnight at 4˚C with a
cover slip. The following day slides were washed and then incu-
bated with an Alexa Fluor® 635 goat anti-mouse (Cat# A-31574),
goat anti-rabbit (Cat# A-31576), or rabbit anti-goat IgG (H+ L;
Cat# A-21086) secondary antibodies from Invitrogen at 1:6000
dilution in antibody incubation buffer for 1 h at room tempera-
ture. After washing and drying, fluorescent signals were measured
by a Scan Array Express HT microarray scanner (Perkin Elmer,
Waltham,MA,USA) using a 633 nm wavelength laser and a 647 nm
filter.

Data from the scanned images were imported into a Microsoft
Excel-based bioinformatics program developed in-house for
analysis (Gyorgy et al., 2010). The linear regression of the log–
log data was calculated after the removal of flagged data, which
include signal to noise ratios of less than 2, spot intensities in
the saturation range or noise range, or high variability between
duplicate spots (>10–15%). The total amount of antigen is deter-
mined by the y-axis intercept (Y -cept; Gyorgy et al., 2010). Data
is reported as the mean Y -cept±SEM.
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Corticosterone assay
Serum corticosterone (CORT) levels were measured with Cay-
man’s Corticosterone EIA Kit according to the manufacturer’s
instructions (Cayman Chemical, Ann Arbor, MI, USA). Each sam-
ple was diluted 1:500 and measured in triplicate (Kwon et al.,2011).
Data is reported as the mean concentration (in pg/mg)±SEM.

STATISTICAL ANALYSIS
All data were analyzed using Graph Pad Instat software (GraphPad
Software, Inc., La Jolla, CA, USA). Statistical significance was veri-
fied by one-way analysis of variance (ANOVA), followed by Tukey
post hoc test for multiple comparison. Differences with a p value
of <0.05 were considered significant.

RESULTS
BEHAVIORAL TESTS
One day following blast exposure, injured rats showed reduced
horizontal activity and slightly increased resting time in the OF
compared to sham animals, but the differences were not statisti-
cally significant (Figure 1A). At 8 days post-injury, the horizontal
activity of injured-vehicle animals further decreased. On the other
hand, injured-mino rats had a similar horizontal activity to ani-
mals in the two sham groups. The horizontal activity of animals

in all groups was the lowest at 45 days after injury. Similarly,
animals in all experimental groups spent more time resting with
injured-vehicle animals spending significantly more time resting
than animals in the other three groups (Figure 1B).

During the first EPM testing performed 9 days after exposure,
injured-vehicle animals spent less time in the open arms and more
time in the closed arms of the maze than animals in the other three
groups (Figures 2A,B). However, the difference at this time point
was not statistically significant. At 46 days after injury, the differ-
ences in the time spent in the open and closed arms of the maze
became significant between injured-vehicle and injured-mino ani-
mals. At this later time point, injured-vehicle animals barely spent
any time in the open arms of the maze and practically spent all of
their time in the closed arms of the maze (Figures 2A,B). By con-
trast, injured-mino animals spent a comparable amount of time to
animals in the two other groups did in the open and closed arms
of the maze.

In order to assess time-dependent changes in spatial memory,
we performed two tests in the BM at two different time points.
Test Session I started at 10 days after injury and lasted for 5 days.
Injured-vehicle animals performed poorly during the first 2 days of
the test (Figure 3A). They required approximately twice as much
time as animals in the other experimental groups to find the escape

FIGURE 1 |The effect of injury and minocycline treatment on basic locomotor activities at different time points after mbTBI. (A) Horizontal activity
(number of beam breaks), and (B) Resting time (seconds) were measured in Open field. Data are presented as mean±SEM. *p < 0.05 for injured-vehicle vs.
sham-mino rats.

FIGURE 2 |The effect of injury and minocycline treatment on anxiety levels at different time points after mbTBI. (A) Time spent in the open arms
(seconds), and (B) time spent in the closed arms (seconds) were measured for all animals in the elevated plus maze. Data are presented as mean±SEM.
*p < 0.05 for injured-vehicle vs. sham-vehicle rats.
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FIGURE 3 |The effect of injury and minocycline treatment on
spatial memory at different time points after mbTBI. Latency
(seconds) to find and enter the escape box was measured for five
consecutive days in the Barnes maze starting at (A) 10 days, and (B)

47 days after injury or sham. Data are presented as the average of
the 2 daily trials per animal in each experimental group ±SEM.
*p < 0.05, **p < 0.01, and ***p < 0.001 for injured-vehicle vs.
sham-vehicle rats.

box. While their performance improved slightly on the second day
of testing, injured-vehicle animals still required significantly more
time to find the escape box compared to their sham group. On
the third day of testing, their performance became roughly similar
to animals in the other experimental groups. By contrast, the per-
formance of injured-mino animals was very similar to uninjured
(sham) animals; their measured latency times to locate and enter
the escape box were almost identical on days 11 through 14. They
found the escape box with slightly improved efficiency every day.

During Test Session II (beginning at 47 days post-injury), the
performance of injured-vehicle animals was significantly worse
than sham-vehicle animals on all five testing days (Figure 3B).
While their performance slightly improved on each subsequent
testing day, injured-vehicle rats still needed significantly more
time to find the escape box, even on the last day of testing. Con-
versely, injured-mino animals performed similar to animals in the
two control groups (sham-vehicle and sham-mino). Their perfor-
mance during Test Session II was similar to that in Test Session I;
they required about the same time to find the escape box on each
testing day.

PROTEIN ANALYSES
Select protein marker levels were measured in the serum and dis-
sected brain regions of animals in all four experimental groups.
Injury without minocycline treatment caused a significant increase
in the serum levels of all biomarkers measured (Figure 4). Both
inflammatory markers, CRP and MCP-1, were significantly ele-
vated in injured-vehicle animals; minocycline treatment resulted
in normal or near normal (i.e., sham) sera levels in the injured-
mino group. Claudin 5 levels were also elevated following blast
injury in the vehicle-treated group, but were reduced to sham
levels in injured-mino animals. Similarly, neuronal and glial loss
and/or damage markers like NSE, NF-H, Tau, S100β, and GFAP
were all significantly elevated in the sera of injured-vehicle animals.
Minocycline treatment resulted in a significant reduction in serum
levels of all of the markers except for GFAP. Lastly, serum CORT
levels were also significantly increased in injured-vehicle rats, but
minocycline treatment resulted in significantly lower serum CORT
levels in injured-mino animals.

Tissue levels of 13 selected protein biomarkers (Figure 5;
Table A3 in Appendix) were determined in the AD, PFC,VHC, and
DHC of animals in the various experimental groups. We found
significantly elevated levels of all three inflammatory markers
(CRP, MCP-1, and TLR9) in the brains of injured-vehicle ani-
mals (Figure 5). Importantly, minocycline treatment of injured
animals resulted in normal or near normal levels of these inflam-
matory markers; tissue levels of these markers in all four brain
regions of injured-mino rats were not statistically different from
those of sham-vehicle or sham-mino animals. NSE, S100β, and
GFAP similarly showed injury-induced increases in all four brain
regions. Minocycline treatment normalized their tissue levels
with the exception of GFAP in the PFC, where GFAP levels of
injured-vehicle and injured-mino animals were practically the
same.

Some of the protein biomarkers that were analyzed showed
brain region-dependent increases in response to injury. Of the
vascular markers, tissue levels of FLK-1 (Figure 5), Claudin 5
and AQP4 (Table A3 in Appendix) were significantly elevated in
the VHC following injury; FLK-1 and AQP4 levels were also ele-
vated in the DHC and the AD, respectively. Similarly, neuronal and
glial markers showed brain region-specific increases to injury. For
instance, all three markers (NF-H, Tau, and MBP) showed injury-
induced increases in the VHC but not in the PFC. Minocycline
treatment of injured animals significantly reduced the tissue levels
of all of the markers with the exception of Tau, which was not
significantly reduced in the AD. Interestingly, VEGF did not show
any significant changes in response to injury in any of the analyzed
brain regions.

DISCUSSION
Minocycline is an FDA approved, semisynthetic, second-
generation tetracycline drug that exhibits anti-inflammatory
and/or neuroprotective effects in various experimental models of
CNS disorders. These include focal and cerebral ischemia (Yrjan-
heikki et al., 1998; Xu et al., 2004), TBI (Sanchez Mejia et al.,
2001), amyotrophic lateral sclerosis (Zhu et al., 2002), Parkinson’s
disease (Wu et al., 2002), kainic acid treatment (Heo et al., 2006),
Huntington’ disease (Chen et al., 2000; Du et al., 2001; Wu et al.,
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FIGURE 4 |The effect of injury and minocycline treatment on serum
levels of selected markers in the different experimental groups. Serum
levels of 8 protein markers were assayed by RPPM; CORT levels were
assayed by ELISA. Protein values are expressed as y -axis intercept (Y -cept)

and CORT values are expressed as pg/ml. Data are presented as
mean±SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 for injured-vehicle vs.
sham-vehicle rats. #p < 0.05, ##p < 0.01, and ###p < 0.001 for injured-vehicle vs.
injured-mino rats.

2002; Wang et al., 2003), multiple sclerosis (Brundula et al., 2002;
Popovic et al., 2002), Alzheimer’s disease (Choi et al., 2007), and
spinal cord injury (Wells et al., 2003; Stirling et al., 2004; Fes-
toff et al., 2006; Table A1 in Appendix). Minocycline’s ability to
improve outcome in distinct types of CNS disease models may
stem from its ability to find multiple targets in different biochem-
ical cascades that play a role in the development of the above-
mentioned diseases. Previous studies indicated that minocycline
acts as a pleiotropic molecule; it can reduce the release of various
chemokines and cytokines (Sanchez Mejia et al., 2001; Bye et al.,
2007), lipid mediators of inflammation, matrix metalloproteinases
(MMPs), and nitric oxide (NO; Stirling et al., 2005). Minocy-
cline can also inhibit microglia activation (Yrjanheikki et al., 1998,

1999; Tikka and Koistinaho, 2001). The inhibition of microglial
inflammatory responses has been reported in various neurodegen-
erative diseases (Yrjanheikki et al., 1999) including Huntington’s
(Chen et al., 2000; Popovic et al., 2002; Wu et al., 2002); addi-
tional anti-inflammatory actions may be through the impediment
of molecules like cyclooxigenase-2 (Patel et al., 1999; Yrjanheikki
et al., 1999). Minocycline exerts its neuroprotective effects (Kriz
et al., 2002; Wells et al., 2003; Stirling et al., 2004; Zemke and Majid,
2004; Marchand et al., 2009) through the repression of poly (ADP-
ribose) polymerase-1 activity (Alano et al., 2006), which plays a
central role in caspase-independent apoptosis (Susin et al., 1999;
Zhang et al., 2002; Cao et al., 2003; Du et al., 2003), and the sup-
pression of caspase-1 and caspase-3 expression (Chen et al., 2000)

Frontiers in Neurology | Neurotrauma July 2012 | Volume 3 | Article 111 | 6

http://www.frontiersin.org/Neurotrauma
http://www.frontiersin.org/Neurology
http://www.frontiersin.org/Neurotrauma/archive


Kovesdi et al. Acute minocycline treatment in mTBI

FIGURE 5 |The effect of injury and minocycline treatment on the
levels of protein markers in various brain regions in the different
experimental groups. Tissue levels of 9 protein markers were measured
in the AD, PFC, VHC, and DHC of rats by RPPM. Protein values are

expressed as y -axis intercept (Y -cept) and data are presented as
mean±SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 for injured-vehicle
vs. sham-vehicle rats. #p < 0.05 and ##p < 0.01 for injured-vehicle vs.
injured-mino rats.

and cytochrome c release from the mitochondria (Zhu et al., 2002).
Moreover, minocycline has been shown to sequester excess Ca2+

released after injury (Antonenko et al., 2010), and block the injury-
induced decrease of soluble alpha amyloid precursor protein in
the attenuation of diffuse axonal injury (Siopi et al., 2011). Based
on all of these findings, we were compelled to test the effects of
minocycline in our rat model of mbTBI.

During our pilot studies we followed a reported treatment
schedule of 90 mg/kg of minocycline administered i.p. twice on
the first day, 50 mg/kg twice per day for 2 subsequent days, and

50 mg/kg once per day for three additional days (Lee et al., 2003;
Teng et al., 2004; Festoff et al., 2006; Yune et al., 2007). However, we
found that this treatment caused substantial weight loss likely due
to gastrointestinal problems (i.e., diarrhea). Based on these pre-
liminary findings, we decided to modify the treatment paradigm
by lowering the dose to 50 mg/kg once per day for four consec-
utive days. Our conservative treatment schedule caused light and
transient diarrhea, and animals recovered and gained weight nor-
mally from the third day post-injury until the termination of the
experiment on day 51 (data not shown).
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Consistent with our previous findings, injured rats had reduced
horizontal activity and a somewhat higher resting time than sham
animals in the OF 1 day after injury (Kwon et al., 2011). Interest-
ingly, all of the rats, independent of injury and treatment, showed
gradually decreasing horizontal activities during the two subse-
quent OF sessions. There are two plausible explanations for this
behavior. Rodents actively explore new areas, but inadvertently
become less active on subsequent exposures to the same environ-
ment, a process called habituation (Pitkänen et al., 2006). We also
observed on numerous occasions in other experiments that the
horizontal activity of naïve rats in the OF at baseline is higher than
it is 24 h later. We believe that since the OF represents a novel envi-
ronment for the rats, they actively explore it (Bolivar et al., 2000;
Daenen et al., 2001). However, repeated testing may cause the
animals to habituate to the OF and in turn spend less time explor-
ing and more time resting. Another possible explanation may be
aging, especially during the last OF session, as young rodents have
higher motor activity levels than more mature rodents (Sprott and
Eleftheriou, 1974; Ingram et al., 1981; Gage et al., 1984; Lamberty
and Gower, 1993). The effects of aging have also been observed as
decreases in distance traveled in the EPM over time in both, sham
and blast injured animals (Kovesdi et al., 2011).

Epidemiological studies have indicated that soldiers frequently
develop neurobehavioral abnormalities like increased anxiety and
memory impairments in mbTBI (Belanger et al., 2007; Brenner
et al., 2009). Anxiety affects rehabilitation, psychosocial adjust-
ment, and cognition in humans (Kersel et al., 2001; Rapoport et al.,
2005). The EPM is a simple behavioral assay for evaluating the
anxiety responses of rodents (Pellow et al., 1985) and studying the
brain sites (limbic regions, hippocampus, amygdala; Silveira et al.,
1993; Gonzalez and File, 1997) and the mechanisms underlying
anxiolytic behavior (GABA, glutamate, serotonin, hypothalamic–
pituitary–adrenal axis neuromodulators; Handley and Mithani,
1984; Pellow et al., 1985; Rodgers et al., 1992; Silva and Bran-
dao, 2000; Korte and De Boer, 2003; Overstreet et al., 2003;
Cortese and Phan, 2005). Rodents naturally prefer dark, enclosed
spaces, and demonstrate an aversion to open spaces and a fear of
heights (Barnett, 1975). Despite these natural inclinations, non-
anxious rodents possess exploratory behaviors that cause them
to investigate the open arms of the maze while more anxious
rats remain in the closed arms of the maze for longer periods
of time.

We previously found increased anxiety in our rodent model of
mbTBI (Kovesdi et al., 2011). As our current EPM data illustrates,
acute minocycline treatment prevented the increase in anxiety fol-
lowing blast overpressure. The time spent in the closed arms of
the maze by injured-mino rats was indistinguishable from that
of the two sham groups at both testing time points. Conversely,
injured-vehicle animals showed signs of increased anxiety early
on; they spent less time on the open arms of the maze than ani-
mals in the other three experimental groups. While the difference
was not statistically significant at this early time point, injured-
vehicle animals barely spent any time outside of the closed arms
of the maze 46 days after the injury. Even though there is very
little information available about the effects of minocycline on
anxiety, especially in brain injury, minocycline treatment reduced
anxiety in the EPM in models of cardiac arrest/cardiopulmonary

resuscitation and fragile X syndrome (Bilousova et al., 2009; Neigh
et al., 2009).

Current treatments of increased anxiety are mostly sympto-
matic (Tenovuo, 2006; Silver et al., 2009), and patients frequently
experience side effects from the use of drugs like benzodiazepines
(Rickels et al., 1991; Baldwin et al., 2005). Acute minocycline treat-
ment may provide an alternative to the use of these drugs. Inter-
estingly, injured-mino animals also had lower serum CORT levels
than injured-vehicle animals at 51 days after the injury. While
serum CORT levels have been used as indicators of stress (Dunn
et al., 2004), the correlation between serum CORT levels and
anxiety is rather complex and likely involve multiple regulatory
pathways.

Consistent with available epidemiological data and our pre-
vious studies, the memory impairment associated with mbTBI
develops over several weeks after the insult (Kovesdi et al., 2011;
Kwon et al., 2011). Importantly, the deficit persists for at least
2 months post-injury (Kovesdi et al.). Given that 2 months in
the lifespan of a rat roughly translates into several human years
(Quinn, 2005), the observed memory impairment mirrors the
chronic condition that manifests in humans reasonably well. The
BM has been extensively used to study spatial learning and mem-
ory in rats (Barnes, 1979), and is considered a less anxiogenic
alternative to the Morris water maze since it does not involve
swimming (Pompl et al., 1999; Miyakawa et al., 2001; Deacon and
Rawlins, 2002; Holmes et al., 2002). BM has been applied to studies
of TBI; rodents with hippocampal damage show impaired perfor-
mance in the maze, supporting the spatial nature of the task (Fox
et al., 1998; Paylor et al., 2001; Deacon and Rawlins, 2002; Raber
et al., 2004). In BM animals are presumed to learn the location of
an escape hole using spatial reference points that are either fixed
in relation to the maze (extra-maze cues) or are fixed on the maze
itself in relation to the escape hole (proximal cues). It is impor-
tant to note that during our acclimation and baseline behavioral
testing, all animals were exposed to the maze and were trained to
“learn” the task of locating and entering the escape box.

Early signs of the memory deficit were detected in the first test-
ing session. Injured-vehicle animals required approximately twice
as long to locate the escape box on the first day of testing, while
injured-mino animals performed similar to the uninjured shams.
On the second day of testing, injured-vehicle rats still needed more
time than the other groups. During the last 3 days of testing,
injured-vehicle rats relearned and remembered the task, requir-
ing about the same amount of time as the other groups. However,
during the second testing session, injured-vehicle rats performed
poorly on all five testing days with only minor improvements in
their speed from day to day. Conversely, injured-mino rats per-
formed as well as sham animals did throughout. A similar effect
was found in a study by Siopi et al. (2011) where acute treatment
with minocycline significantly improved recognition memory; the
effects lasted for up to 13 weeks in a mouse closed head injury
model. There are currently no effective treatments in clinical use
for memory impairment. Existing therapies predominantly tar-
get symptoms associated with mood disorders (e.g., depression)
that can also improve memory performance (Tenovuo, 2006; Sil-
ver et al., 2009). Therefore, acute minocycline treatment has the
potential to offer a potentially effective alternative.
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The observed neurobehavioral impairments implicate the AD,
PFC, VHC, and DHC due to their involvement in mediating anx-
iety and memory (Henke, 1990; Moser and Moser, 1998). In our
earlier works we found indications of inflammation, axonal, glial,
and neuronal damage in these brain regions (Kovesdi et al., 2011;
Kwon et al., 2011). The neuroinflammatory response to various
brain insults has been suggested as a potential link between injury
and altered behavior, including increased anxiety. As reported ear-
lier, blast can trigger a systemic inflammatory process even when
the body is fully protected and only the head is exposed (Cer-
nak et al., 2011). It is crucial to note that the similarities and
the dissimilarities between mbTBI and other better-characterized
forms of closed head injuries are currently not known with regards
to their primary and secondary injury mechanisms. Neverthe-
less, it has been hypothesized that the different types of TBIs
may share pathological components like neuroinflammation, neu-
ronal and glial cell loss, and axonal injuries (Agoston et al.,
2009).

In our current study, we found that minocycline treatment
normalized significantly elevated sera levels of the inflammatory
markers CRP and MCP-1 following exposure to mild blast. CRP
and MCP-1 levels are routinely monitored in clinical settings and
are used as an indicator of inflammation (Berman et al., 1996;
Glabinski et al., 1996; Du Clos, 2000; Lobo et al., 2003). CRP
is a component of the acute phase response to injury (Du Clos,
2000) and its expression is stimulated by the release of cytokines
(Okamura et al., 1990); elevated CRP serum levels may reflect
a combination of systemic as well as neuronal inflammation.
Increased levels of MCP-1 are associated with neurological dys-
function after traumatic axonal injury in rats (Rancan et al., 2001),
and are detected in the cerebrospinal fluid in diseases related
to neuroinflammation such as stroke, meningitis, and multiple
sclerosis (Mastroianni et al., 1998; Losy and Zaremba, 2001; Sin-
dern et al., 2001; Chen et al., 2003; Sorensen et al., 2004). MCP-1
has also been suggested to regulate vascular permeability during
CNS inflammation (Tekstra et al., 1999;Stamatovic et al., 2003,
2006).

While tissue levels of Claudin 5 did not significantly change
except in the VHC, serum levels were significantly increased in
injured-vehicle animals. Claudin 5 is a part of the tight junction
complex in brain endothelial cells that contribute to the forma-
tion of the BBB (Morita et al., 1999; Liebner et al., 2000); increased
serum levels suggest that there may be vascular damage in mbTBI
that results in the release of Claudin 5 into systemic blood. Impor-
tantly, minocycline treatment normalized Claudin 5 sera levels
indicating that vascular changes may be secondary to the inflam-
matory process or that minocycline possesses cytoprotective effects
that also extend to endothelial cells.

Elevated serum levels of neuron- and glia-specific proteins have
been found clinically as well as experimentally in various forms
of TBI (Povlishock and Christman, 1995; Povlishock and Pettus,
1996; Buki and Povlishock, 2006). Increased serum levels of large
neuron-specific molecules also point toward a vascular pathol-
ogy; heightened BBB permeability is required for the release of
large proteins like NF-H from the brain parenchyma and into
systemic circulation. In a large animal model of blast TBI, the
temporal pattern of serum NF-H levels correlated with clinical and

pathological outcomes (Gyorgy et al., 2011). In our current study,
minocycline treatment significantly reduced sera levels of NSE,
NF-H, Tau, and S100β after injury, but not GFAP, an astroglia-
specific intermediate filament (Missler et al., 1999) indicative of
brain damage.

Consistent with our behavioral and serum data, we found
that minocycline treatment prevented or mitigated injury-induced
increases of the selected inflammatory markers CRP, MCP-1, and
TLR9 in all four brain regions. TLR9 is member of the toll-
like receptor family (Aderem and Ulevitch, 2000; Akira et al.,
2001; Takeda and Akira, 2005; Mishra et al., 2006; O’Neill, 2006;
Casanova et al., 2011) involved in the induction and the regula-
tion of the inflammatory response in TBI (Hua et al., 2007, 2009)
as well as other disorders involving neuroinflammation (Prat and
Antel, 2005) and ischemic brain damage (Hua et al., 2007, 2009;
Doyle et al., 2008; Gao et al., 2009; Marsh et al., 2009).

Of the vascular markers only FLK-1 and AQP4 tissue levels
increased in response to the injury; minocycline treatment miti-
gated the effect of injury on FLK-1 levels but showed no effect on
the tissue levels of AQP4. Increases in AQP4 were only detected in
the AD and in the VHC while FLK-1 was in the VHC and the DHC.
Elevations in AQP4 expression can contribute to the formation as
well as the resolution of edema (Kimelberg, 1995; Papadopoulos
et al., 2002; Amiry-Moghaddam and Ottersen, 2003; Neal et al.,
2007). The pathology of severe bTBI includes the development
of rapid and malignant brain edema (Ling et al., 2009; Ling and
Ecklund, 2011) probably involving AQP4 (Neal et al., 2007). How-
ever, we currently have no information about water imbalance in
mbTBI; if present, it is likely limited to the early phase following
injury.

FLK-1 is a membrane-bound tyrosine kinase that mediates
the effects of VEGF in the CNS (Sondell et al., 2000; Ogunshola
et al., 2002; Rosenstein et al., 2003). Activation of FLK-1 stimu-
lates various intracellular signal transduction pathways including
the PI3K/Akt pathway that mediates the neuroprotective func-
tion of VEGF (Gerber et al., 1998; Wu et al., 2000; Kilic et al.,
2006). VEGF/FLK-1 up-regulation following TBI seems to per-
form an important endogenous cytoprotective mechanism (Skold
et al., 2006; Lee and Agoston, 2009). Interestingly, we did not
detect changes in the abundance of VEGF in any of the analyzed
brain regions following injury. A potential explanation for this
negative finding is the relatively late testing time point (51 days
post-injury). In a previous study using another model of TBI,
we observed significant increases in VEGF tissue levels in the
hippocampus (Lee and Agoston, 2009, 2010); the increases were
limited to a few days after the injury.

The tissue levels of NSE, NF-H, Tau, S100β, GFAP, and
MBP similarly increased in response to the injury, however,
increases were brain region-specific. We measured significant
injury-induced increases in sera levels of these proteins indica-
tive of neuronal and glial cell losses. Thus, the detected increases
in the tissue levels of these proteins are likely compensatory in
nature and can be a part of the repair mechanism (Fawcett, 2009).
Importantly, in all cases where injury resulted in an increase in the
tissue levels of these markers, minocycline treatment mitigated
the effect and tissue levels of these markers were restored to levels
measured in sham animals.
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CONCLUSION
Our study demonstrates that acute minocycline treatment sub-
stantially improve the neurobehavioral outcome in a rodent
model of mbTBI likely through mitigating the neuroinflamma-
tory response to injury. The strength of our study lies in combining
neurobehavioral tests performed at two different time points after
injury with determining changes in serum and brain tissue levels
of protein biomarkers. The limitations of the current study are
the limited types of neurobehavioral and a single terminal time
point of proteomics analyses. Based on these promising results,

additional neurobehavioral testing shall be performed in future
studies along with obtaining blood at several clinically relevant
time points for protein assays. Nevertheless, our findings provide
a rationale for exploring the viability of using acute minocycline
treatment in mbTBI.
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APPENDIX

Table A1 | List of animal models of various diseases, dose of minocycline treatment and the observed effects of the treatment.

Animal model of disease Dose Effect Reference

Acute spinal cord injury

(mouse)

1 and 24 h (50 mg/kg, i.p.), then 25 mg/kg

dose every 24 h for the next 5 days

Improved both hindlimb function and strength after

injury and reduced lesion size

Wells et al.

(2003)

Amyotrophic lateral

sclerosis (mouse)

1 g/kg in a custom made rodent diet Delayed the onset of motor neuron degeneration,

less activation of microglia was detected at early

symptomatic stage (46 weeks) and at the end

stage of disease in the spinal cord

Kriz et al.

(2002)

Cervical spinal cord injury

(rat)

1 h (90 mg/kg), then for 3 days after injury Failed to improve functional and histological

recovery.

Lee et al.

(2010)

Closed head injury

(mouse)

5 min (90 mg/kg, i.p.), and at 3 and 9 h

(45 mg/kg) post-TBI

Attenuation of the decrease of post-TBI sAPPα

24 h post-injury. Corpus callosum and striatal

atrophy, ventriculomegaly, astrogliosis, and

microglial activation reduced 3 months post-injury

Siopi et al.

(2011)

Closed head injury

(mouse)

30 min (45 mg/kg, i.p.) and every 12 h

(22.5 mg/kg, i.p.) for 1 week. Or

twice-daily minocycline injections for

2 weeks (6 weeks surviving)

Reduced the activation of microglia/macrophages

and improved neurological outcome, but any

increase of neurogenesis

Ng et al. (2012)

Controlled contusion

spinal cord injury (rat)

Multiple injections (30 mg/kg, i.p.) at 0.5,

1, and 24 h, or a single injection of

90 mg/kg at either 0.5, 1.0, or 24 h after

injury

Improved functional recovery, reduced tissue

damage, cavity size, apoptosis and activated

caspase-3 signal

Festoff et al.

(2006)

Controlled cortical impact

(rat)

45 mg/kg, i.p. at 1 h, 24 and 48 h after

injury

Improved active place avoidance following CCI Abdel Baki

et al. (2010)

Endothelin-1 (ET-1) model

of focal ischemia (rat)

45 mg/kg, i.p. at 2 and 12 h following the

last injection of ET-1, then 22.5 mg/kg

every 12 h (5×)

Improved behavioral outcome. Reduced subcortical

and whole hemisphere infarct volume

Hewlett and

Corbett (2006)

Focal cerebral ischemia

(rat)

45 mg/kg, i.p. twice a day for the first day;

22.5 mg/kg for the subsequent 2 days

Reduced cortical infarction volume, inhibited

morphological activation of microglia in the area

adjacent to the infarction, induction of

IL-1b-converting enzyme, and reduced

cyclooxygenase-2 expression and prostaglandin E2

production

Yrjanheikki

et al. (1999)

Huntington disease

(mouse)

daily 5 mg/kg, i.p. Inhibited caspase-1 and caspase-3 up-regulation Chen et al.

(2000)

Middle cerebral artery

occlusion (MCAO; mice)

45 mg/kg two times in every 12 h starting

at 30 min after the onset of MCAO

Neuroprotectant at males, but ineffective at

reducing ischemic damage in females

Li and

McCullough

(2009)

Neonatal

hypoxia-ischemia (HI; rat)

2 h after hypoxia (45 mg/kg, i.p.), then

every 24 h from P4–P9 (22.5 mg/kg)

Prevention of HI induced changes in SERT, 5-HT

and 5-HT positive dorsal raphe neurons. Lasting

effect after 6 week of HI

Wixey et al.

(2011)

Parkinson disease

(mouse)

Daily twice (12 h apart) injections from 1.4

to 45 mg/kg (i.p.) starting 30 min after the

first MPTP injection and continuing

through four additional days after the last

injection of MPTP

Inhibited microglial activation, mitigated both the

demise of nigrostriatal dopaminergic neurons and

the formation of nitrotyrosine. Prevented the

formation of mature interleukin-1β and the

activation of NADPH–

oxidase and inducible nitric oxide synthase (iNOS)

Wu et al.

(2002)

Spinal cord injury (T13

hemisection of the spinal

cord; rat)

30 min (40 mg/kg, i.p.) followed twice per

day for 2 days post-injury

Reduced the development of pain behaviors at 1

and 2 weeks after SCI, reduced microglial OX-42

expression and decreased the expression of

noxious stimulation-induced c-Fos

Marchand

et al. (2009)

(Continued)
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Table A1 | Continued

Animal model of disease Dose Effect Reference

Spinal cord injury (rat) Twice a day beginning 30 min after injury

(50 mg/kg, i.p.) for 2 days

Reduced apoptotic oligodendrocytes and microglia in

proximal and distal segments of the ascending

sensory tract. Reduced microglial/macrophage

density, attenuated axonal dieback and improved

functional outcome

Stirling et al.

(2004)

Temporary middle

cerebral artery occlusion

model (TMCAO; rat)

For 4 h post TMCAO protocol: 3 or

10 mg/kg i.v. at 4, 8, and 12 h; for the 5-h

post TMCAO protocol: at 5, 9, and 13 h;

and for the 6-h post TMCAO protocol at 6,

10, and 14 h

3 and 10 mg/kg i.v. were effective at reducing infarct

size with a 5 hour therapeutic time window after

TMCAO. 10 mg/kg extended the window time to

ameliorate neurological deficits to 5 h

Xu et al. (2004)

Table A2 | List of antibodies and their respective classifications and dilutions used to measure protein biomarker levels in sera and brain tissues.

Antibody Vendor Catalog No. Dilution in RPPM

INFLAMMATORY

C-reactive protein (CRP) Santa Cruz Biotechnology, Inc. sc-30047 1:20

Monocyte chemoattractant protein (MCP-1) Santa Cruz Biotechnology, Inc. sc-1784 1:20

Toll-like receptor 9 (TLR9) Santa Cruz Biotechnology, Inc. sc-13218 1:20

VASCULAR

Claudin 5 Santa Cruz Biotechnology, Inc. sc-28670 1:20

Vascular endothelial growth factor (VEGF) Abcam ab-53465 1:50

VEGF receptor 2 (FLK-1) Santa Cruz Biotechnology, Inc. sc-315 1:20

Aquaporin 4 (AQP4) Abcam ab-97414 1:50

NEURONAL

Neuron-specific enolase (NSE) Abcam ab-53025 1:20

Neurofilament heavy chain (NF-H) Sigma Aldrich N-4142 1:20

Tau protein Santa Cruz Biotechnology, Inc. sc-1995P 1:20

GLIAL

S100 beta protein (S100β) Abcam ab-41548 1:20

Glial fibrillary acidic protein (GFAP) Abcam ab-7260 1:50

Myelin basic protein (MBP) Santa Cruz Biotechnology, Inc. sc-13914 1:20

Biomarkers labeled with italics were only measured in the brain.
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FIGURE A1 | Outline of the experimental schedule. After 1 week of
acclimation, baseline behavioral analyses, and injury (or sham), rats were
treated intraperitoneally for four consecutive days (marked by circled
numbers of 1 through 4) with 50 mg/kg of minocycline or saline starting at
4 hours after injury. Behavioral assessments (Open Field, Elevated Plus

Maze, and Barnes Maze) were conducted before injury (Baseline
Behavioral Session), and at 1 (open field OF only), 8 (Behavioral Test
Session I.), and 45 days (Behavioral Test Session II.) after injury or sham. At
the end of the experiment blood and brains were collected, processed,
and analyzed using RPPM and ELISA.
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Acute Mitochondrial Dysfunction after Blast Exposure:
Potential Role of Mitochondrial Glutamate

Oxaloacetate Transaminase
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Joseph B. Long, and Madhusoodana P. Nambiar

Abstract

Use of improvised explosive devices has significantly increased the incidence of traumatic brain injury (TBI) and

associated neuropsychiatric deficits in the recent wars in Iraq and Afghanistan. Acute deleterious effects of single and

repeated blast exposure can lead to long-term neurobiological effects and neuropsychiatric deficits. Using in vitro

and in vivo shock tube models of blast-induced TBI, we studied changes in mitochondrial energy metabolism after blast

exposure. Single and repeated blast exposures in vitro resulted in significant decreases in neuronal adenosine triphosphate

(ATP) levels at 6 h post-blast that returned towards normal levels by 24 h. Similar changes in ATP also were observed in

the cerebral cortices of mice subjected to single and repeated blast exposures. In neurons, mitochondrial glutamate

oxaloacetate transaminase (GOT2) plays a critical role in metabolism and energy production. Proteomic analysis of brain

cortices showed a significant decrease in GOT2 levels 6 h after repeated blast exposures, which was further confirmed by

Western blotting. Western blot analysis of GOT2 and pyruvate dehydrogenase in the cortex showed direct correlation only

between GOT2 and ATP levels. Activity of GOT2 in the isolated cortical mitochondria also showed significant decrease at

6 h supporting the results of proteomic and Western blot analyses. Knowing the significant role of GOT2 in the neuronal

mitochondrial energy metabolism, it is quite likely that the down regulation of GOT2 after blast exposure is playing a

significant role in mitochondrial dysfunction after blast exposure.

Key words: adenosine triphosphate; blast exposure; glutamate oxaloacetate transaminase; mini citric acid cycle; mito-

chondrial dysfunction; pyruvate dehydrogenase; traumatic brain injury

Introduction

Exposure to blast has been reported as the major cause of

traumatic brain injury (TBI) and associated disabilities in the

recent wars in Iraq and Afghanistan.1 Significant advances in per-

sonnel protection devices and medical care have decreased the

mortality of blast victims, but increased the number of surviving

casualties with mild, moderate and severe TBI.2,3 Service members

are commonly exposed to single or multiple blasts with different

intervals. Preclinical studies in experimental animal models indi-

cate that severity of brain injury increases with number of blast

exposures.3

Due to the complexity and unique physical forces responsible for

blast-induced TBI, it is now widely believed that the TBI resulting

from blast exposure is relatively distinct from other closed head or

penetrating brain injuries.4 The primary, secondary, tertiary, and

quaternary injury phases of blast exposure are believed to con-

tribute to the multifaceted mechanisms involved in blast TBI. Al-

though several clinical and animal studies have explored the

biochemical/histopathological changes and behavioral deficits re-

sulting from blast exposure,3,5–11 the complex biochemical and

molecular mechanisms of blast TBI and how it triggers subsequent

secondary pathological processes and long-term neurobehavioral

abnormalities are still not well understood. The lack of under-

standing of the precise mechanisms involved in blast TBI has

hampered the development of personal protective gear and specific

diagnostic tools for early detection and effective therapies for

prevention/treatment.

Acute effects of blast exposure are not well studied because

most of the significant pathological changes in the brain mani-

fest during the secondary injury processes, which occur typi-

cally by 24 h post-blast exposures. Using an in vitro model of
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blast-induced TBI, we have shown that single and repeated blast

exposures lead to transient changes in neuronal cell membrane

integrity, which may be a potential mechanism contributing to the

secondary injury processes.12 Transient changes in cell membrane

integrity also have been reported in the liver and muscle tissue

after single and repeated blast exposures.13 Acute deleterious

effects of any direct or indirect insult on the brain can trigger

secondary pathological changes, which lead to chronic neurobe-

havioral abnormalities. Thus, minimizing or preventing acute

changes after brain injury is important to avert chronic neurobe-

havioral deficits.

In most of the cell types in the body, adenosine triphosphate

(ATP) synthesis takes place through utilization of glucose, and

mitochondrial pyruvate dehydrogenase (PDH) plays an important

role. In the case of brain, amino acids—especially glutamate—also

are utilized for the immediate and significant demands for ATP for

energy.14–16 In one study, removal of glucose significantly in-

creased the transamination of glutamate to aspartate in brain syn-

aptosomes and suggested that brain cells utilize glutamate, the most

abundant molecule in the brain, for energy production.15 Mi-

tochondrial glutamate oxaloacetate transaminase (GOT2) is the

enzyme responsible for the transamination of glutamate to aspartate

and a-ketoglutarate. Since a-ketoglutarate can directly enter the

citric acid cycle to generate ATP, GOT2 is believed to play major

role in ATP production in neurons.14–16

In the present study, using the in vitro and in vivo models of

blast-induced TBI, we studied changes in mitochondrial energy

metabolism after blast exposure. We first analyzed ATP levels in

the neuronal cells in culture and brain cortex after blast exposure to

demonstrate mitochondrial energy dysfunction. Decreases in ATP

levels were further compared between single and multiple blast

exposures to determine its dependency upon the severity of injury.

Since GOT2 plays a central role in neuronal mitochondrial energy

metabolism, we investigated its expression in the brain by pro-

teomic analysis. Modulation of GOT2 was further analyzed by

Western-blotting of the brain cortex and enzyme activity analysis in

the isolated mitochondria from the cerebral cortex to demonstrate a

potential role of GOT2 in the acute mitochondrial dysfunction after

blast exposure.

Methods

Cell culture and blast exposure

SH-SY5Y human neuroblastoma cells, Dulbecco’s modified
Eagle’s medium (DMEM) and fetal bovine serum (FBS) were
obtained from American Type Culture Collection (Manassas, VA).
One of the major advantageous of SH-SY5Y cells over primary
cells and brain slices (derived from animals) is that the effect of
blast exposure can be studied in cells of human origin. Cells were
grown in DMEM with 10% heat inactivated FBS containing pen-
icillin and streptomycin. The cells incubated at 37�C in a carbon
dioxide (CO2) incubator kept at 5% CO2 and 95% air in a humid-
ified atmosphere. Cells (4 · 104 cells/well) were grown on 96 well
tissue culture plates 24 h before blast exposure. On the day of blast
exposure, the medium was removed from the wells and fresh me-
dium (360 lL) was added to fill the wells. Before blast exposure,
the plates were sealed with gas permeable Mylar plate sealers as
described previously.12,17 The plates containing cells were sub-
jected to single and triple blast exposures (21 psi) using shock tube
as described earlier.12,17 Intracellular adenosine triphosphate
(ATP) content in the cells was determined at 6 and 24 h post-blast
using ATPlite kits (Perkin Elmer, Waltham, MA) as previously
described.17 The ATPlite assay system is based on the production

of luminescence caused by the reaction of ATP with added lucif-
erase enzyme and D-luciferin substrate.

Animals and blast exposure

All animal experiments were conducted in accordance with the
Animal Welfare Act and other federal statutes and regulations re-
lating to animals and experiments involving animals and adhered to
principles stated in the Guide for the Care and Use of Laboratory
Animals (National Research Council Publication, 1996 edition).
The animal protocol used was approved by Institutional Animal
Care and Use Committee, Walter Reed Army Institute of Research.
C57BL/6J male mice (8–10 weeks old) that weighed between 21–
26 g ( Jackson Laboratory, Bar Harbor, ME) were used in this study.
Mice were exposed to single and triple blasts using a shock tube as
described earlier.3 Briefly, mice were anesthetized with 4% iso-
fluorane gas (oxygen [O2] flow rate 1.5 L/min) for 8 min and re-
strained in the prone position with a net to minimize the movements
during blast exposure. Animals were subjected to single or triple
blast exposures (21 psi) and brain cortex was dissected after eu-
thanasia at 1, 6, or 24 h post-blast.

ATP determination in the brain cortex

Homogenate (20% w/v) of brain cortex was made in tissue
protein extraction buffer (Pierce Chemical Co, Rockford, IL)
containing protease and phosphatase inhibitor cocktails (Sigma-
Aldrich, St. Louis, MO). The homogenate was centrifuged at
5000 g for 5 min and the ATP content in the supernatant was
measured using ATPlite kit as described earlier.18

Proteomic analysis

Proteomic analysis of brain cortex was carried out as described
by us earlier.19 Briefly, proteins were isolated from the brain cortex
of sham control and repeated blast exposed mice (3 animals/group)
at 6 h post-blast using the ToPI-DIGE� total protein isolation
kit (ITSI-Biosciences, Johnstown, PA) and subjected to two-
dimensional differential in-gel electrophoresis (2D-DIGE). After
2D-DIGE, the differentially-expressed ( > 2-fold change in abun-
dance) protein spots were identified, selectively picked, and sub-
jected to protein digestion followed by LC/MS/MS to identify the
peptides. The obtained MS/MS spectra were searched against the
National Center for Biotechnology Information non-redundant
protein sequence database using the SEQUEST computer algo-
rithm to establish the protein identity.

Western blotting analysis

Polyclonal rabbit antibodies against GOT2 and pyruvate dehy-
drogenase (PDH) were obtained from Sigma-Aldrich (St. Louis,
MO) and Abcam (Cambridge, MA). Secondary antibody labeled
with horse-radish peroxidase (HRP) was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Mouse monoclonal antibody to
b-actin conjugated with HRP (Sigma-Aldrich, St. Louis, MO) was
used as a control. Polyacrylamide gel electrophoresis and Western
blotting analysis of brain cortex was carried out as described by us
previously.19 Both GOT2 and PDH antibodies were used at a final
dilution of 1:1000. After Western blotting analysis, the protein bands
were detected using ECL-Plus Western blot detecting reagent (GE
Healthcare, Piscataway, NJ) and the chemiluminescence was mea-
sured in an AlphaImage reader (Cell Biosciences, Santa Clara, CA).

Assay of GOT2 activity in the mitochondrial fraction
of brain cortex

Mitochondrial fraction was isolated from the cerebral cortex
using Mitochondria Isolation Kit obtained from Thermo Scientific
(Rockford, IL) according to the manufacturer’s instructions. The
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mitochondrial pellet was suspended in the enzyme assay buffer and
disrupted using a sonifier for the enzyme assay. The activity of
GOT2 was measured using the diagnostic kit for measuring GOT,
obtained from Randox Laboratories (Kearneysville, WV) accord-
ing to the manufacturer’s instructions. The assay system utilizes the
decrease in optical density at 340 nm due to the consumption of
NADH during the formation of oxaloacetate and glutamate from
aspartic acid and a-ketoglutaric acid catalyzed by GOT.

Statistical analysis

Statistical analysis was carried out by analysis of variance
(ANOVA) using SAS software version 9.3 (SAS Institute, Inc.,
Cary, NC). For single variance, one-way ANOVA followed by t test
was carried out. For multiple variance, two-way ANOVA followed
by Tukey’s post-hoc test using HSD multiple comparisons were
used. A p value of less than 0.05 was considered significant.

Results

Blast exposure leads to acute decrease in neuronal
ATP levels

Blast exposure causes a significant decrease in endogenous ATP

levels in SH-SY5Y human neuroblastoma cells in a time-dependent

manner with the highest decrease at 6 h post-blast, compared with

24 h post-blast (Fig. 1). Neuronal ATP levels were further de-

creased with multiple blast exposures. After single blast exposure,

the ATP level decreased by 17.7% at 6 h, whereas no significant

decrease was observed at 24 h post-blast. In the case of triple blast

exposures, the ATP levels decreased by 44.6% and 27.7% by 6 h

and 24 h, respectively.

ATP levels decreased in the cerebral cortex
after blast exposures

Figure 2 shows the changes in ATP levels in the mouse brain

cortex at different intervals after single and repeated blast expo-

sures. Similar to the in vitro results, blast exposure of mice also

resulted in a decrease in brain ATP levels, which varied relative to

the time and number of blast exposures. Single blast exposure re-

sulted in a 19.5% decrease in ATP levels at 6 h, whereas triple blasts

resulted in a 23.4% decrease as early as 1 h. ATP levels were de-

creased by 39.7% at 6 h after repeated blast exposures, whereas the

decrease was only 11.8% at 24 h post-blast. Thus, compared with

by 6 h post-blast, the ATP levels were higher in the brain by 24 h

post-blast but still lower than the sham controls which were not

exposed to blast.

Proteomic analysis of the cerebral cortex to identify
modulation of GOT2 expression

Proteomic analysis data showed few proteins with > 2 fold

change in the cerebral cortex at 6 h after triple blast exposures. The

proteins which showed > 2 fold increase in expression after blast

exposure include 14-3-3 protein gamma, calretinin, parvalbumin

alpha, 14-3-3 protein zeta/delta, and calpastatin. One of the down-

regulated proteins was identified by LC/MS/MS analysis as GOT2

by matching five peptides. Figure 3 shows the image of the 2D-gel

portion showing the expression of GOT2 in the cortex after repeated

blast exposures. GOT2 expression showed a statistically significant

abundance ratio (3.13 – 0.76) between sham control and blast ex-

posed mice suggesting that blast exposure alters the expression of

GOT2.

Western blotting of GOT2 and PDH in the cerebral
cortex after blast exposure

Western blotting using antibodies specific to GOT2 showed a

significant decrease (47.9%) in the expression of GOT2 in the

FIG. 1. Changes in adenosine triphosphate levels in SH-SY5Y cells at 6 h (A) and 24 h (B) after single and repeated blast exposures.
Relative luminescence unit represents the total luminescence liberated by the cells in a single well of 96 well plate. Values are expressed
as mean – standard deviation. *p < 0.05 (n = 12). BOP, blast overpressure exposure.

FIG. 2. Changes in adenosine triphosphate levels in cerebral
cortex at different intervals after single and repeated blast expo-
sures. Values are expressed as mean – standard deviation.
*p < 0.05 (n = 6). BOP, blast overpressure exposure.
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cerebral cortex at 6 h after triple blast exposures, compared with

sham controls (Fig. 4A). The ratio of GOT2 to actin was

0.161 – 0.025 for sham controls, whereas the ratios were

0.084 – 0.028 for 6 h ( p = 0.021) and 0.142 – 0.036 for 24 h

( p = 0.44; Fig. 4B). Compared with sham controls, single blast

exposure at 6 h and triple blast exposure at 1 h, respectively,

showed 20% (ratio of GOT2 to actin was 0.124 – 0.016,

p = 0.032) and 29.9% (ratio of GOT2 to actin was 0.113 – 0.032,

p = 0.036) decreases in the expression of GOT2 in the cortex.

Thus, similar to the reduction in ATP levels, the expression of

GOT2 decreased in the cerebral cortex after blast exposure. The

decrease in GOT2 expression depended upon the number of blast

exposures, as well as the time after blast exposure; lowest ex-

pression was recorded at 6 h and returned toward normal levels

by 24 h post-blast.

Western blotting of PDH with specific antibodies (Fig. 4A, C)

showed significant decreases in the cerebral cortex at 6 h post-blast

exposure. The decrease in the PDH level does not seem to correlate

with ATP levels at 24 h after blast exposure.

Cerebral cortex mitochondrial GOT2 activity
after blast exposure

To determine further that the cerebral cortex mitochondrial

GOT2 activity was indeed decreased after blast exposure, the mi-

tochondrial fraction was isolated from the cerebral cortex to avoid

interference from the cytosolic isoform, GOT1. Disrupted mito-

chondrial sample was used for measuring GOT2 activity as de-

scribed in the methods. The activity of GOT2 in the mitochondrial

fraction showed a 28.8 % decrease at 1 h and a 41.4 % decrease at

6 h after triple blast exposures. No significant changes in mito-

chondrial GOT2 activity were observed at 24 h post-blast (Fig. 5).

Discussion

Our results show for the first time in an animal model that blast

exposure leads to an acute mitochondrial dysfunction and an as-

sociated significant decrease in ATP levels in the brain. After a

rapid decrease, the brain ATP levels return toward normal levels at

24 h post-blast exposures. Using the in vitro model of blast-induced

FIG. 3. Representative two-dimensional differential in-gel electrophoresis figure from three different animals in the sham control and
blast exposed groups focusing the spot of glutamate oxaloacetate transaminase. Procedures used are detailed in the methods section. The
bottom two panels show the sum of pixel intensities within the boundary of each spot in the fluorescent image to demonstrate the level
of the protein.
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TBI with NG108–15 cells (combination of neuroblastoma and

glioblastoma cells), we have shown in a previous study that ATP

levels decrease at 24 h after blast exposure.17 Time points earlier

than 24 h were not evaluated in that study. In the current study, we

observed that a decrease in ATP levels after blast exposure occurs

immediately and was most pronounced at 6 h, compared with at

24 h, indicating severe neuronal mitochondrial dysfunction acutely

after blast exposure. The changes in ATP levels after blast exposure

were similar in vitro and in vivo.

Acute mitochondrial dysfunction in the brain has been reported

in different animal models of TBI.18,20–22 Unlike blast-induced

TBI, the mitochondrial dysfunction and associated decrease in ATP

levels persisted for longer durations in the other forms of TBI. In a

controlled cortical impact model of TBI, the ATP levels ipsilateral

to the injury were only about 22 % of sham control even after six

days post-injury.18 In that study, the ATP levels measured ipsilat-

erally may have been associated with significant cell/tissue loss and

the cells adjacent to the site of injury might have been undergoing

necrosis/apoptosis. In the present study, we have shown that mi-

tochondrial dysfunction and impaired energy production in the

brain after blast exposure takes place acutely and the energy levels

return toward normal levels by 24 h post-blast. This could be due to

the lack of significant tissue loss in the brain after blast exposure. 3

Since delayed neuronal degeneration occurs after blast exposure,1 it

is possible that there could be a secondary phase of mitochondrial

dysfunction after blast exposure, which would become evident

several days post-exposure.

In the present study, we found a correlation between the decrease

in brain ATP levels and the reduced expression/activity of mito-

chondrial GOT2. The protein expression and activity of GOT2 were

lowest in the brain at 6 h post-blast and were associated with the

maximum decrease in ATP levels. The GOT2 levels returned to

almost normal by 24 h and the ATP level also was significantly

restored. These data suggest a potential role of GOT2 in the acute

brain mitochondrial dysfunction associated with blast exposure.

Detailed study is required to find out whether the synthesis or deg-

radation of GOT2 in the brain is affected after blast exposure. Using

the same model system, it has been reported that modest levels of

neuronal cell death occur immediately after repeated blast exposures,

which also could contribute to the decreased tissue levels of ATP and

GOT2 measured after blast exposure.3 The documented proliferation

of astrocytes and microglia in the brain at 24 h after repeated blast

exposure11 can similarly contribute to the apparent recovery of ATP

and GOT2 by 24 h after repeated blast exposures.

A significant role for PDH in mitochondrial dysfunction after

TBI has been reported in different brain injury models other than

FIG. 4. Western blotting analysis of mice cerebral cortex at different intervals after single and repeated blast exposures. (A)
Representative figure of the blot obtained from two animals each out of four animals in different groups studied. (B) Ratio of the band
intensities corresponding to glutamate oxaloacetate transaminase and actin. Values are mean – standard deviation (*p < 0.05, n = 4). (C)
Ratio of the band intensities corresponding to PDH and actin. Values are mean – standard deviation (*p < 0.05, n = 4).

FIG. 5. Activity of glutamate oxaloacetate transaminase in the
mitochondrial fraction of mice cerebral cortex at different inter-
vals after repeated blast exposures. Values are mean – standard
deviation (*p < 0.05, n = 6).
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blast TBI.23,24 Following controlled cortical impact (CCI) in rats,

Opii and colleagues showed that PDH activity decreases in the

cortex due to oxidative modification of the enzyme.24 In another

CCI study, the level of PDH decreased in the ipsilateral and con-

tralateral sides of the brain at 4 h and decreased further by 24 h post-

injury, similar to our present results following blast exposure.25

Phosphorylation of PDH (p-PDH) has been implicated in the de-

crease of its activity in the CCI model.25 After CCI injury, the ratio

of p-PDH/PDH decreased at 4 h, increased at 24 h and decreased

again at seven days indicating that the activity of PDH will be less

at 24 h, compared with at 4 h and at seven days.25 An imbalance in

the activities of PDH kinase and PDH phosphatase in the brain has

been implicated in the decreased activity of PDH after CCI.26 A

significant decrease in PDH also was observed in the brain at 72 h

following fluid percussion injury, which was the single time point

studied.27 Our results in the blast TBI model also showed decreased

expression of PDH, but did not show a direct correlation with the

changes in ATP levels.

The potential role of GOT2 in mitochondrial energy metabo-

lism in the brain has been described earlier.14,28–30 Figure 6 shows

the schematic representation of the role of GOT2 in brain energy

metabolism involving the ‘‘mini citric acid cycle,’’ which was

proposed by Yudkoff and colleagues in 1994.16 Using radi-

olabeled aspartate and glutamine in brain synaptosomal prepara-

tions, Yudkoff and colleagues showed that amino acids could

provide an alternate source of energy to help maintain ATP levels

in the brain through ‘‘mini citric acid cycle’’.16 They also found

that in the brain synaptosomes, the fastest reaction that provides

metabolite input to the citric acid cycle is that of GOT2.16 The

‘‘mini citric acid cycle’’ in the brain utilizes glutamine/glutamate

for energy production instead of pyruvate, and bypasses a few

initial steps in the regular citric acid cycle for faster energy pro-

duction as required for neuronal activity.14–16 As shown in the

Figure 6, GOT2 plays a major role in the truncated citric acid

cycle. The excess aspartate formed through the ‘‘mini citric acid

cycle’’ is used for N-acetyl aspartate (NAA) synthesis in the

mitochondria,14 which also explains the high concentrations of

glutamate and NAA in the brain, where they are the most abundant

molecules. By using GOT2 to convert glutamate to a-ketogutarate,

neurons avoid the formation of toxic ammonia, which is critical in

the absence of a urea cycle in the brain.14,28 Thus, GOT2 plays a

significant role in neuronal energy metabolism and its down

regulation after blast exposure might contribute to the decreased

ATP levels in the brain. Since low levels of ATP can significantly

affect neuronal function, pharmaceutical interventions, which can

rapidly restore or provide ATP rapidly to neurons, would poten-

tially be beneficial after blast TBI. In this connection, supple-

mentation to the brain of acetate, which can generate ATP,

significantly increased brain ATP levels and improved motor

performances in rats subjected TBI using CCI.18
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• Repeated  blast  exposures  causes  acute  decrease  in  GFAP  and  Tau  in brain  and  plasma.
• GFAP  and  Tau  levels  increases  acutely  in  the  liver  and spleen  after  blast  exposure.
• No  acute  changes  in  GFAP  and  Tau  mRNA  levels  in  the  liver  after  blast  exposure.
• The  acute  changes  in  GFAP  and  Tau  suggest  blast-induced  cell  membrane  disruption.
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a  b  s  t  r  a  c  t

Glial  fibrillary  acidic  protein  (GFAP),  a protein  enriched  in  astrocytes,  and  Tau,  a protein  abundant  in
neuronal  microtubules,  are  being  widely  studied  as  biomarkers  of  brain  injury,  and  persistent  severity-
dependent  increases  in  brain  and  blood  have been  reported.  Studies  on  the  acute  changes  of these  proteins
after  blast  exposure  are  limited.  Using  a mouse  model  of closely-coupled  repeated  blast  exposures,  we
have evaluated  acute  changes  in  the levels  of  GFAP  and  total Tau  by  Western  blotting.  Brain  levels of GFAP
and  Tau  proteins  decreased  significantly  at 6  h and  increased  considerably  at  24  h  after  repeated  blast
exposures.  Plasma  samples  showed  a similar  initial  decrease  and  later  increase  over  this  timeframe.  This
biphasic  pattern  points  to possible  absorption  or sequestration  of  these  proteins  from  plasma  immedi-
ately  after  repeated  blast  exposures.  Liver  and  spleen  tissue  showed  significant  increases  in the  levels
of  GFAP  and  Tau  protein  at 6 and  24  h  post-blast  exposures  whereas  semi-quantitative  RT-PCR  analysis
of  liver  showed  no significant  changes  in the  levels  of GFAP  or Tau mRNAs.  These  results  suggest  that
blast  exposure  causes  transient  changes  in cell membrane  integrity  in  multiple  organs  leading  to  abnor-
mal  migration  of proteins  from  the  tissues  to  the  plasma  and  vice  versa.  This  transient  changes  in  cell
membrane  permeability  and  subsequent  bidirectional  movement  of molecules  may  contribute  to  the
pathophysiology  of TBI  and  polytrauma  after  blast  exposure.

© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

The incidence of traumatic brain injury (TBI) increased tremen-
dously during the recent wars and exposure to blast from
improvised explosive devices has been reported as the major cause

Abbreviations: TBI, traumatic brain injury; GFAP, glial fibrillary acidic protein;
BOP,  blast overpressure; CSF, cerebrospinal fluid; mRNA, messenger ribonucleic
acid; RT-PCR, reverse transcription-polymerase chain reaction.
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of battlefield TBI and associated disabilities in service members
[14]. One of the major differences between blast-induced TBI and
other closed head or penetrating brain injuries is that blast expo-
sure concomitantly injures other organs of the body, especially air
filled organs, resulting in polytrauma. Military personnel are sub-
ject to both high intensity single or low intensity repeated blast
exposures, and we have previously reported that the severity of
brain injury increases with number of blast exposures [27].

Identification of sensitive and specific biomarkers of TBI is
potentially useful for the diagnosis of injury and evaluation of
the efficacy of therapies. Although no biomarkers unique to blast-
induced TBI have been reported in clinical or pre-clinical blast
exposure studies to date, several brain proteins that are being

0304-3940/$ – see front matter ©  2013 Elsevier Ireland Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.neulet.2013.07.047
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widely evaluated as biomarkers of other forms of brain injury have
also been considered as biomarkers of blast TBI. Notably, glial fib-
rillary acidic protein (GFAP), a protein enriched in astrocytes, and
Tau, a protein abundant in neuronal microtubules has been mon-
itored after various forms of brain injury including blast-induced
TBI [4,7,10,22,24,25].

Changes in blood and cerebrospinal fluid (CSF) levels of GFAP
have been widely studied as sensitive biomarkers for the diagnosis
TBI in humans [5,9,13,19,21,26,28] and significant up-regulation of
GFAP levels in multiple regions of the brain has also been reported
at different intervals after blast exposure in animal models of blast-
induced TBI [4,7,10,24]. In all these pre-clinical studies, the changes
in GFAP were evaluated after 24 h post-exposure. Changes in GFAP
levels in the brain or body fluids immediately after single blast
exposure have not been well documented. Besides, there are no
studies addressing the effects on GFAP levels in the brain or blood
after repeated blast exposures.

Apart from GFAP, up-regulation of total and phosphorylated
Tau proteins have also been shown in the brain, CSF and blood
of patients with different forms of TBI, and hence these proteins
have been proposed as reliable biomarkers of outcome after TBI
[11,15,20,23]. Total and phosphorylated Tau proteins in the brain
were significantly increased in different animal models of TBI
[7,11,22,25]. Limited studies have been carried out to assess the
changes in total or phosphorylated Tau proteins in the brain or
body fluids after blast exposure and there are no such studies
after repeated blast exposures. Similar to studies evaluated GFAP
levels, the differential expression of Tau protein was  determined
only at 24 h or later in single blast exposure and no studies so far
investigated the acute changes in Tau proteins after repeated blast
exposures.

In the present study, we assessed immediate changes in GFAP
and total Tau protein in the brains and plasma of mice after closely
coupled repeated blast overpressure exposures in a shock tube as
described earlier [27]. Western blotting with specific antibodies
was used to assess the levels of these potential blast injury biomark-
ers. Our results after repeated blast exposures showed an initial
decrease and later increase in the levels of both GFAP and total Tau
proteins in the brain and plasma. We  further explored the potential
mechanism of the contrasting changes in the two biomarkers of TBI
after repeated blast exposures.

2. Materials and methods

2.1. Animals and blast exposures

All animal experiments were conducted in accordance with the
Animal Welfare Act and other federal statutes and regulations relat-
ing to animals and experiments involving animals and adhered to
principles stated in the Guide for the Care and Use of Laboratory
Animals (NRC Publication 1996 edition). The animal protocol was
approved by Institutional Animal Care and Use Committee, Walter
Reed Army Institute of Research. C57BL/6J male mice (8–10 weeks
old) that weighed between 21 and 26 g (Jackson Laboratory, Bar
Harbor, ME)  were used in this study. A compressed air-driven shock
tube described earlier [12,27] was used for repeated blast expo-
sures. Mice were anesthetized with 4% isoflurane gas (O2 flow rate
1.5 L/min) for 8 min  and restrained in the prone position with a
tautly-drawn net to minimize the movements during blast expo-
sure. Animals were subjected to three blast overpressure (BOP)
exposures (21 psi) separated by 1 and 30 min  as described ear-
lier [28]. Blood plasma, brain, liver and spleen were collected after
euthanasia at 6 or 24 h post-blast and frozen immediately. Cere-
bellum, which showed significant injury after blast exposure in
previous studies [27] was dissected out immediately before freez-
ing the brain.

2.2. Western blot analysis of tissue homogenates

Tissue homogenates (20%, w/v) were prepared in tissue pro-
tein extraction buffer (Pierce Chemical Co., Rockford, IL) containing
protease and phosphatase inhibitor cocktails (Sigma–Aldrich, St.
Louis, MO)  using an ultrasonic homogenizer. The homogenates
were centrifuged at 5000 × g for 5 min  at 4 ◦C and 2 �l each of
supernatants were used for Western blotting. Rabbit polyclonal
antibodies against GFAP and total Tau protein were obtained from
Abcam (Cambridge, MA)  and Santa Cruz Biotechnologies (Santa
Cruz, CA), respectively. GFAP antibody was  used at a dilution of
1:40,000 and an antibody to total Tau proteins was used at 1:1000
dilution. Secondary antibody labeled with horse-radish peroxidase
(HRP) was also purchased from Santa Cruz Biotechnology and used
at a dilution of 1:2500. A mouse monoclonal antibody to �-actin
conjugated with HRP (Sigma–Aldrich, St. Louis, MO)  was used as gel
loading control at a dilution of 1:40,000. SDS–polyacrylamide gel
electrophoresis and Western blotting analysis of protein extracts
from cerebellum, liver and spleen was carried out as described ear-
lier [3]. After Western blotting, the protein bands were detected
using ECL-Plus Western blot detection reagent (GE Healthcare,
Piscataway, NJ) and the chemiluminescence was imaged in an
AlphaImage reader (Cell Biosciences, Santa Clara, CA). The band
intensity was  measured by densitometry using AlphaView software
(Cell Biosciences, Santa Clara, CA).

2.3. Western blotting of GFAP and tau proteins in the plasma

Plasma was  purified by removing albumins and globulins using
ProteoExtract Albumin/IgG removal kit from EMD-Millipore Cor-
poration (Chicago, IL) according to manufacturer’s instructions.
Briefly, 850 �l of binding buffer was  allowed to pass through the
column by gravity-flow. Plasma (35 �l) was diluted 10-fold with
binding buffer, allowed to pass through the column and the flow-
through was collected. The unbound proteins were also collected
by passing 650 �l of binding buffer though the column twice. The
collected flow-through fractions were pooled and concentrated
using a 3000 MW cut off VIVASPIN 500 centrifugal filters (Sartorius
Stedim, Bohemia, NY) according to manufacturer’s instructions.
Concentrated albumin and globulin free fractions corresponding to
5 �l of original plasma were used for Western blotting as described
above.

2.4. Semi-quantitative RT-PCR analysis of liver tissue

Frozen mouse liver tissue was  thawed and homogenized by
pipetting with 1 ml  of TRIzol reagent (Life Technologies, Grand
Island, NY). Total RNA was isolated according to manufacturer’s
protocol. For cDNA synthesis, total RNA (1 �g) was subjected
to reverse transcription in a reaction mixture containing dNTPs
(0.5 mM),  random hexamer primer (0.01 �g/�l), and 40 U of RNase
inhibitor (Thermo Scientific, Waltham, MA)  and RNasin (Promega
Corporation, Madison, WI)  for 45 min  at 50 ◦C. Using premix PCR
mixture (Thermo Scientific, Waltham, MA), PCR was  performed in
the presence of 0.33 �M of gene specific primers and 0.5 �l of cDNA
in thermal cycler as follows; 95 ◦C × 1 min, followed by 35 cycles
of 95 ◦C × 30 s, 61 ◦C × 30 s, 72 ◦C × 30 s, subsequently 72 ◦C × 5 min.
Primers for GFAP were 5′-CTGGCTGCGTATAGACAGGA-3′ as for-
ward, 5′-GAACTGGATCTCCTCCTCCA-3′ as reverse, and primers
for Tau were 5′-GTGGAGGCAGTGTGCAAATA-3′ as forward, 5′-
GCCAATCTTCGACTGGACTC-3′ as reverse. Aliquots were loaded and
electrophoresed in 2% agarose gel. PCR product was visualized with
ethidium bromide under UV illuminator and the image was cap-
tured using GeneSnap software (Syngene, Frederick, MD). Brain
tissue from sham control mice was  used as positive control.
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Fig. 1. Western blot analysis of the cerebellum showing the immediate decrease and later increase in the levels of GFAP and Tau proteins after repeated blast exposures.
Representative blot from two  out of four animals in each group is presented. Densitometry analysis was carried out as described in Section 2. *p < 0.01 (n = 4).

2.5. Statistical analysis

Statistical analysis was carried out by analysis of variance
(ANOVA) using SAS software version 9.3. Values were expressed
as mean ± standard deviation (SD). A p value less than 0.01 was
considered significant.

3. Results

3.1. Changes in GFAP and total Tau protein expression in the
brain after blast exposure

Western blot analyses of the cerebellum revealed biphasic time-
dependent changes in the expression of both GFAP and total Tau
proteins after repeated blast exposures (Fig. 1). The levels of these
proteins decreased significantly at 6 h and increased appreciably
at 24 h after repeated blast exposures. Densitometry analysis indi-
cated that the ratios of GFAP to actin as well as total Tau to actin
were significantly reduced at 6 h and increased considerably at 24 h
after repeated blast exposures.

3.2. Levels of GFAP and total Tau proteins in the plasma after
blast exposure

Similar to the brain, biphasic changes in the levels of both GFAP
and total Tau proteins were recorded in the plasma after repeated
blast exposures (Fig. 2). Densitometry of the Western blot showed
that plasma levels of GFAP as well as total Tau proteins were sig-
nificantly reduced at 6 h and increased at 24 h after repeated blast
exposures.

3.3. Levels of GFAP and total Tau proteins in the liver and spleen
after blast exposure

GFAP and total Tau proteins were readily detected in the liver
and spleen of sham control mice. Densitometry analysis and the
ratios of GFAP to actin as well as total Tau protein to actin indicated a
significant increase in the levels of both GFAP and total Tau proteins
in the liver and spleen at 6 and 24 h after blast repeated exposures
(Fig. 3). Compared to 6 h, the increase in the levels of both GFAP
and total Tau proteins at 24 h was marginal and was not statistically
significant in both tissues.

3.4. Expression of GFAP and Tau mRNA levels in the liver after
blast exposure

To investigate whether the increase in GFAP and Tau proteins in
the liver is due to increased synthesis, RT-PCR of liver tissue mRNA
was performed and showed the presence of products with the same
base pairs corresponding to GFAP and Tau proteins in the brain.
Semi-quantitative RT-PCR analysis of liver tissues indicated that
the levels of GFAP or Tau mRNAs were not increased significantly
at 6 or 24 h after repeated blast exposures (Fig. 4).

4. Discussion

Our results showed for the first time that repeated blast expo-
sures caused pronounced biphasic changes in two well-known
biomarkers of TBI in the brain and plasma. In the brain and plasma,
the levels of GFAP and total Tau proteins decreased significantly
at 6 h after repeated blast exposures, whereas their levels were
increased at 24 h post-blast exposures. The increase in the expres-
sion of GFAP at 24 h after blast exposure is in agreement with the
previous preclinical studies [4,24]. To our knowledge, no studies
have established this acute change in GFAP in the brain or plasma
after single or repeated blast exposures. In the case of Tau pro-
tein, measured changes in total or phosphorylated Tau have been
restricted to several days after single blast exposure [7,10].

The significant decrease in GFAP and Tau proteins in the brain
at 6 h after repeated blast exposures was  an unanticipated and
somewhat paradoxical result. Since the turnover of GFAP and Tau
proteins in the brain is very slow [6,16], the acute decrease in
GFAP/Tau in the brain after blast exposure can most likely be inter-
preted as a blast-induced rapid disruption of glial/neuronal cell
membranes and protein leakage across a disrupted blood–brain
barrier into the circulation. However, Western blotting of plasma
showed a similar significant decrease in the levels of both the pro-
teins at 6 h after repeated blast exposures (Fig. 2). Parallel decreases
of both putative biomarkers in brain and plasma shortly after blast
exposure points to their rapid redistribution or elimination from
the blood during this acute timeframe.

Using an in vitro model of blast-induced TBI, it has recently
been shown that blast exposure causes transient disruption of neu-
ronal cell membrane integrity leading to bidirectional movement
of molecules across the cell membrane [1]. Rapid disruption of
cell membrane integrity of liver cells and muscle fibers and the

Fig. 2. Western blot analysis of plasma showing the immediate decrease and later increase in the levels of GFAP and Tau proteins after repeated blast exposures. Representative
blot  from two out of four animals in each group is presented. Densitometry analysis was carried out as described in Section 2.*p < 0.01 (n = 4).
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Fig. 3. Western blot analysis of liver (A) and spleen (B) showing the levels of GFAP and Tau proteins at 6 and 24 h after repeated blast exposures. Representative blots from
two  out of four animals in each group for liver and spleen are presented. Densitometry analysis was  carried out as described in Section 2.*p < 0.01 (n = 4).

Fig. 4. Semi-quantitative RT-PCR analysis of liver showing the mRNA levels of GFAP and Tau proteins. Total RNA isolated from the brain of a sham control mice was used as
positive  control. RT-PCR was carried out as described in the methods section. Representative figure from two out of four animals in each group is presented.

subsequent release of organ specific cellular proteins into the cir-
culation after repeated blast exposures have also been reported
[2]. Collectively, these data suggest that blast exposure affects the
cell membrane integrity of brain and peripheral organs which can
lead to widespread bidirectional passage of molecules. The vari-
ous potential mechanisms of cell membrane disruption after blast
exposure have been described in detail by Nakagawa et al. [18].

The parallel decreased levels of GFAP/Tau proteins in the brain
and plasma at 6 h after repeated blast exposures suggests a possi-
ble shift and accumulation of these proteins in peripheral organs.
Liver is one of the largest organs of the body and it showed blast
overpressure-dependent release of enzyme to circulation, revea-
ling cell membrane disruption [2]. Based upon earlier studies of
liver after blast exposure and the expression of GFAP and Tau pro-
teins in this organ [2,8,17], we investigated blast-induced changes
in the levels of these proteins in the liver. We  also examined the
spleen, which is a primary component of the reticuloendothelial
system where the blood is being processed. Increased levels of GFAP
and Tau in both the liver and spleen coincided with their simul-
taneously decreased levels in the brain and plasma at 6 h after
repeated blast exposures. To investigate whether their increased
levels resulted from locally increased synthesis, we  measured the
mRNA levels of GFAP and Tau proteins in the liver. The semi-
quantitative RT-PCR analysis data showed no significant increase
in the mRNA levels of GFAP and Tau proteins in the liver. These
data reinforce the conclusion that these proteins transiently accu-
mulate in these organs following passage from the circulation after
repeated blast exposures.

Although GFAP and Tau proteins remained elevated in the liver
and spleen after blast exposure, there was no significant difference

in the levels at 24 h compared to 6 h, even though the levels of these
proteins increased substantially in the plasma at 24 h after the blast
exposure. Restoration of vascular, liver, and spleen cell membrane
integrity may  have prevented further passage of these proteins in
these organs. Previous studies using in vitro and in vivo models of
blast-induced TBI indicate that the cell membrane disruption after
blast exposure is transient and the restoration of cell membrane
integrity take place rapidly [1,2].

A potential pathophysiological consequence of transient disrup-
tion of cell membrane integrity after blast exposure is the transport
of foreign molecules, including proteins, which can enter various
cells of peripheral organs and brain from the blood circulation
and may  remain intracellularly for longer time leading to chronic
pathological changes. Furthermore, the essential molecules rapidly
released from the cells due to transient disruption of cell mem-
brane after blast exposure can also affect cellular homeostasis.
Thus, the rapid abnormal bidirectional movement of molecules
in the brain and peripheral organs immediately after blast expo-
sure may  have the possibility to trigger long-term consequences,
a potential mechanism contributing to blast-induced polytrauma.
These time-dependent bidirectional changes also point to a fun-
damental issue complicating and potentially limiting the utility of
these circulating proteins as acute biomarkers of blast injury.
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a  b  s  t  r  a  c  t

Blast-induced  traumatic  brain  injury  (TBI) and  subsequent  neurobehavioral  deficits  are  major  disabilities
suffered  by  the  military  and  civilian  population  worldwide.  Rigorous  scientific  research  is  underway  to
understand  the mechanism  of blast  TBI  and  thereby  develop  effective  therapies  for  protection  and  treat-
ment.  By  using  an in  vitro  shock  tube model  of blast  TBI  with  SH-SY5Y  human  neuroblastoma  cells,  we have
demonstrated  that  blast  exposure  leads  to neurobiological  changes  in an  overpressure  and  time  depend-
ent  manner.  Paradoxically,  repeated  blast  exposures  resulted  in  less  neuronal  injury  compared  to  single
blast  exposure  and  suggested  a potential  neuroprotective  mechanism  involving  released  cyclophilin  A
last exposure
yclophilin A
H-SY5Y cells
europrotection

(CPA). In the  present  study,  we demonstrate  accumulation  of  CPA  in the  culture  medium  after  repeated
blast  exposures  supporting  the  notion  of extracellular  CPA  mediated  neuroprotection.  Post-exposure
treatment  of  the  cells  with  purified  recombinant  CPA  caused  significant  protection  against  blast-induced
neuronal  injury.  Furthermore,  repeated  blast  exposure  was  associated  with  phosphorylation  of the  pro-
teins  ERK1/2  and  Bad suggesting  a potential  mechanism  of  neuroprotection  by  extracellular  CPA and  may
aid in  the  development  of  targeted  therapies  for protection  against  blast-induced  TBI.

13  El
© 20

Blast-induced traumatic brain injury (blast TBI) is a principal
ause of major disabilities associated with the recent conflicts in
raq and Afghanistan (Cernak, 2010; Ling et al., 2009; Magnuson
t al., 2012; Wang et al., 2011). After more than a decade of
igorous research, still the mechanisms of blast TBI and associ-
ted neuropathological and neurobehavioral deficits are not well
nderstood. In addition to understanding the mechanism of injury,

dentification of endogenous neuroprotective mechanisms against
last TBI is vital for developing therapies and strategies for rehabil-

tation and recovery.
In vitro models of blast TBI provide a powerful tool to investi-

ate the cellular, biochemical and molecular mechanisms of injury
nd also to identify putative biomarkers and targeted therapies.
sing a compressed air-driven shock tube with neuronal cells, we

ave developed an in vitro model of blast TBI (Arun et al., 2011,
012). Repeated blast exposures of SH-SY5Y human neuroblastoma
ells decreased intracellular levels of cyclophilin A (CPA) (Arun

Abbreviations: TBI, Traumatic brain injury; CPA, cyclophilin A; BOP, blast over-
ressure.
� Disclaimer:  The contents, opinions and assertions contained herein are private
iews of the authors and are not to be construed as official or reflecting the views of
he Department of the Army or the Department of Defense. The authors report no
onflict of interest.
∗ Corresponding author. Tel.: +1 301 319 2009; fax: +1 301 319 9839.
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ttp://dx.doi.org/10.1016/j.neures.2013.02.009
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et al., 2011). Unexpectedly, repeated blast exposures also resulted
in less neuronal injury than single blast exposure suggesting a
possibility that CPA released after blast exposure exerting neuro-
protective actions (Arun et al., 2011). In the present study, we  have
further explored this putative endogenous neuroprotective mech-
anism against blast injury and tried to validate that extracellular
CPA offers neuroprotection against blast exposure.

SH-SY5Y cells, a thrice cloned subline of the neuroblastoma cells
SK-N-SH which was isolated from a human brain tumor, was used
for this study. Under cell culture conditions, these cells will differ-
entiate into mature neuronal phenotype. The cells were grown in
Dulbecco’s modified Eagle’s medium containing B-27 serum-free
supplement and penicillin/streptomycin (Life Technologies, Grand
Island, NY). The cells were kept at 37 ◦C in a CO2 incubator with
5% CO2 and 95% air in a humidified atmosphere. Cells (4 × 104

cells/well) were grown on 96 well tissue culture Plates 24 h before
blast exposure. On the day of blast exposure, the medium was
removed from the wells and 360 �l of fresh medium was  added
to completely fill the wells. The plates were then sealed with gas
permeable Mylar plate seal and the edges of the plates and seal
were secured using sterile tapes before blast exposure as described
earlier (Arun et al., 2011, 2012).

Culture plates containing the cells were exposed to single

or repeated blasts using a compressed air-driven shock tube as
described earlier (Arun et al., 2011, 2012). The blast overpressure
(21.05 psi) which resulted in significant neurobiological changes in
SH-SY5Y cells in our earlier investigations was used for the study

ociety. All rights reserved.
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Fig. 1. Western blot analysis using CPA antibodies showing the decreased intracel-
lular  level of CPA and its accumulation in the culture medium after repeated blast
exposures. 25 �g total protein was used for electrophoresis and Western blotting of
the intracellular level of CPA. Volume corresponding to 360 �l culture medium was
used for detecting the extracellular level of CPA. A representative figure from three
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Fig. 2. MTT  assay showing cellular injury after single blast exposure and protection
by  administration of purified recombinant CPA in the culture medium after blast
exposure. Cells were exposed to single blast, treated with various doses of CPA after
15  min  and MTT assay carried out at 24 h. Values of untreated cells were compared

(Jin et al., 2002). Our results indicate that repeated blast exposures
ifferent sets of experiments is shown. BOP – blast overpressure exposure.

Arun et al., 2011, 2012). For repeated blast exposures, the cells
ere subjected to three blasts with 2 min  intervals between each

last. For sham controls, cells were treated the same way as for
last exposure except that the plates containing the cells were not
xposed to blast overpressure.

The SH-SY5Y cells and cell culture medium were collected from
ifferent wells of the plates subjected to single or repeated blasts
long with sham controls at 24 h post-blast. The medium (9 ml  from
ach group) was concentrated to 100 �l using 3000 MW cut off
IVASPIN 500 centrifugal filters (Sartorius Stedim, Bohemia, NY)
ccording to manufacturer’s instructions and 40 �l of the sam-
le was used for polyacrylamide gel electrophoresis followed by
estern blotting. The cells were suspended in M-PER mammalian

rotein extraction reagent (Pierce, Rockford, IL) and the total pro-
ein was extracted according to manufacturer’s instructions and
5 �g total protein was used for Western blotting. Western blotting
as carried out using rabbit polyclonal antibodies to CPA (1:1000
ilution) or mouse monoclonal antibodies to �-actin (1:50,000
ilution) (Sigma–Aldrich, St. Louis, MO), phosphorylated ERK1/2 or
hosphorylated Bad (1:1000 dilution) (Cell signaling Technology,
anvers, MA).

At 15 min  after single blast exposure, the medium was  removed
nd fresh medium containing varying concentrations of purified
ecombinant CPA (Genway Biotech, San Diego, CA) was  added
nd incubated for 24 h. After 24 h, the neuronal cell viability was
ssessed using MTT  cell viability assay.

At 24 h after blast exposure, the medium was removed from each
ell and 100 �l fresh medium without CPA was added to conduct

he cellular injury test using MTT  cell proliferation assay kit (Amer-
can Type Culture Collection, Manassas, VA, USA). Briefly, 10 �l of

TT  reagent was added to each well and incubated in a CO2 incu-
ator for 2 h. One hundred micro liter detergent reagent was added
o the wells and kept overnight at room temperature in dark. The
ptical density was measured at 570 nm using a SpectraMax M5
pectrophotometer (Molecular Devices, Sunnyvale, CA).

Western blot analysis data showed no significant changes in the
evel of CPA in SH-SY5Y cells at 24 h after single blast exposure. Also
o detectable amount of CPA was found in the cell culture medium
t 24 h after single blast exposure. On the other hand, repeated blast
xposures resulted in a significant decrease in the level of CPA in
H-SY5Y cells and simultaneously CPA was detected in the culture
edium (Fig. 1).
To further investigate the neuroprotective action of extracel-

ular CPA, SH-SY5Y cells were incubated with various doses of
PA after single blast exposure and MTT  cell viability assay was
erformed. The data showed that post-blast exposure treatment
ith purified recombinant CPA protein significantly protect against
ellular injury in a dose-dependent manner (Fig. 2). Optimum
rotection against blast exposure was obtained at 0.1 �g/ml. At
his dose, CPA treatment provided approximately 30% protection
to those of CPA treated groups and expressed as mean ± standard deviation (n = 12).
Statistical analysis was carried out using analysis of variance followed by Tukey’s
post  hoc test. * p < 0.05.

against blast-induced cellular injury. Higher concentrations of CPA
decreased the degree of protection after blast exposure.

Using the in vitro blast TBI model, we have shown earlier that
repeated blast exposures results in less cellular injury compared to
single blast exposure and suggested the possibility of CPA release
after blast exposure and the extracellular CPA playing a role in neu-
roprotection (Arun et al., 2011). In the present study, using the
same model, we demonstrated for the first time that repeated blast
exposures of human neuronal cells causes release of CPA. We  also
demonstrate that extracellular CPA can protect the cells from blast-
induced cellular injury and the concentration of extracellular CPA
seems to be critical for protection. Higher levels of extracellular CPA
were less effective.

Neuroprotection induced by extracellular CPA has been demon-
strated in different neuronal injury models. Administration of CPA
was found to attenuate disrupted blood-brain barrier permeability
and tissue damage in an ex vivo stab wound model of brain injury
(Redell et al., 2007). The dose of CPA that showed protection in
that study was  in agreement with the doses used in the present
study. Purified recombinant CPA administration to in vitro corti-
cal neuronal cell models of ischemia and oxidative stress-induced
neuronal injury showed significant neuroprotection supporting our
observations (Boulos et al., 2007).

The precise mechanisms of neuroprotection triggered by extra-
cellular CPA are still unresolved. It has been postulated that
the neuroprotection induced by CPA involves its binding and
signaling through CD147 receptors resulting in extracellular
signal–regulated kinase (ERK1/2) activation (Boulos et al., 2007)
and induction of anti-apoptotic protein Bcl2 (Seko et al., 2004).
The activation of ERK1/2 by phosphorylation can stimulate anti-
apoptotic proteins and inhibit pro-apoptotic proteins (Biswas and
Greene, 2002; Riccio et al., 1999). In support of this notion, acti-
vation of ERK1/2 has been implicated in neuronal survival during
excitotoxicity, oxidative injury and hypoxia (Adour et al., 1981;
Hetman and Gozdz, 2004; Jin et al., 2002; Singer et al., 1999).
To test whether phosphorylation of ERK1/2 occurs after repeated
blast exposures due to the release of CPA, we tested phosphory-
lated ERK1/2 (p-ERK1/2) expression in SH-SY5Y cells at 1 h after
repeated blast exposures. Activation of ERK1/2 can induce phos-
phorylation of the pro-apoptotic protein Bad and can inactive it
result in the up-regulation of p-ERK1/2 and a simultaneous increase
in phosphorylated Bad (p-Bad) suggesting a potential mechanism of
neuroprotection (Fig. 3). Detailed studies are warranted to conclude
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Diffusion Tensor Imaging Reveals Acute
Subcortical Changes after Mild
Blast-Induced Traumatic Brain Injury
Alaa Kamnaksh1,2, Matthew D. Budde3*, Erzsebet Kovesdi4, Joseph B. Long5, Joseph A. Frank3

& Denes V. Agoston1

1Department of Anatomy, Physiology and Genetics, The Uniformed Services University, 4301 Jones Bridge Road, Bethesda, MD
20814, 2Center for Neuroscience and Regenerative Medicine, The Uniformed Services University, 4301 Jones Bridge Road,
Bethesda, MD 20814, 3Radiology and Imaging Sciences, National Institute of Biomedical Imaging and Bioengineering, National
Institutes of Health, Room B1N256 MSC 1074, 10 Center Drive, Bethesda, MD 20892, 4US Department of Veterans Affairs,
Veterans Affairs Central Office, 810 Vermont Avenue NW, Washington, DC 20420, 5Blast-Induced Neurotrauma Branch, Center
for Military Psychiatry and Neuroscience, Walter Reed Army Institute of Research, 503 Robert Grant Avenue, Silver Spring, MD
20910.

Mild blast-induced traumatic brain injury (mbTBI) poses special diagnostic challenges due to its
overlapping symptomatology with other neuropsychiatric conditions and the lack of objective outcome
measures. Diffusion tensor imaging (DTI) can potentially provide clinically relevant information toward a
differential diagnosis. In this study, we aimed to determine if single and repeated (5 total; administered on
consecutive days) mild blast overpressure exposure results in detectable structural changes in the brain,
especially in the hippocampus. Fixed rat brains were analyzed by ex vivo DTI at 2 h and 42 days after blast
(or sham) exposure(s). An anatomy-based region of interest analysis revealed significant interactions in
axial and radial diffusivity in a number of subcortical structures at 2 h only. Differences between single- and
multiple-injured rats were largely in the thalamus but not the hippocampus. Our findings demonstrate the
value and the limitations of DTI in providing a better understanding of mbTBI pathobiology.

M
ild traumatic brain injury (mTBI) continues to be the least understood form of traumatic brain injury
(TBI) despite its high incidence and substantial toll on patients and health care systems1. In the military,
mTBIs are mostly caused by the exposure to low levels of blast from improvised explosive devices

resulting in mild blast-induced TBI (mbTBI)2–4. The diagnosis of mbTBI currently relies on subjective assess-
ments and self-reports of symptoms such as disorientation, altered states of consciousness, headaches, and
emotional and cognitive dysfunction—all of which are involved in post-traumatic stress disorder (PTSD)5.
Because of the mild and transient nature of symptoms that follow mbTBI, soldiers typically return to duty and
are frequently re-exposed to additional mild blasts. Studies have suggested that repeated mbTBI is a risk factor for
developing late onset neurodegenerative conditions such as chronic traumatic encephalopathy (CTE)6.

Objective outcome measures can provide especially valuable, clinically relevant information in a non-/min-
imally invasive and repeatable manner. Various modalities of magnetic resonance imaging (MRI), including
diffusion tensor imaging (DTI), have been utilized in clinical settings following TBI7–10. However, only a limited
number of clinical studies included readouts at several post-injury time points in Veterans11–17. DTI’s sensitivity
relative to conventional imaging tools has prompted its recent use in experimental mTBI18–20 with a few rodent
blast-induced TBI (bTBI) studies21–24. These studies identified a number of brain regions, including the hip-
pocampus and the cerebellum, as being affected in mbTBI25. Injury-induced changes in serum, cerebrospinal
fluid, and tissue protein biomarker levels have also been extensively investigated in both clinical and experimental
TBI26–28. Together, imaging and molecular biomarkers would enable the monitoring of pathological processes
over time and allow for more direct comparisons between experimental findings and clinical TBI cases.

The full potential and limitations of using imaging and molecular biomarkers in the diagnosis and monitoring
of TBIs, especially mTBIs, are currently unknown due to a substantial gap between clinical and experimental
findings and their translatability29. Furthermore, our understanding of how structural changes relate to cellular,
molecular, and functional changes in TBI is very limited. Our previous works using the rodent model of single and
repeated mbTBI recapitulated some of the behavioral changes that are observed in human bTBI30. Using histo-
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logic and proteomic analyses of functionally relevant brain regions
and peripheral blood, we identified several pathologies at different
post-injury time points. These include neuronal and glial damage
and/or death, axonal damage, metabolic and vascular changes, and
inflammation. Additionally, we identified several pathologies that
include neuronal and glial damage and/or death, axonal damage,
metabolic and vascular changes, and inflammation at different
post-injury time points using histologic and proteomic analyses of
functionally relevant brain regions and peripheral blood31–33. In this
preliminary imaging study, we aimed to determine if the same expo-
sure to single and repeated mild blast overpressure that resulted in
the abovementioned changes also induced structural changes that are
detectable by DTI.

Results
We selected two of our previously tested post-injury termination
time points, 2 h and 42 days, for the DTI analyses to mimic early
and delayed clinical interventions. A manual region of interest (ROI)
analysis was first used to assess hippocampal volume and fractional
anisotropy (FA) in the hippocampus as shown in Fig. 1a. No signifi-
cant differences were identified in hippocampal volume or FA values
at either time point (Fig. 2). An anatomically defined ROI analysis

was then performed as shown in Fig. 1b–d. In rats terminated ,2 h
after blast (or sham) exposure(s), no brain regions had a significant
interaction for FA. However, axial diffusivity (AD) and radial diffu-
sivity (RD) had significant interactions in regions of the stria termi-
nalis, thalamic subregions, and the cerebellum. Post hoc analysis
revealed that the single-injured (SI) and multiple-injured (MI)
groups were significantly different from one another largely in the
thalamus and thalamic nuclei. Regions exhibiting significant blast
event-related differences (i.e., single vs. repeated blast) are shown in
Fig. 3 and Table 1; mean DTI values for these regions are provided in
Fig. 4. No brain regions exhibited significant ROI changes in rats
terminated 42 days after blast (or sham) exposure(s).

Discussion
Elucidating the role of repeated mbTBI in the development of neu-
rodegenerative conditions is a pressing issue for the military health
care system. To that end, a better understanding of mbTBI patho-
biology, the period of cerebral vulnerability between insults, and the
synergistic effect of repeated injury is critical. In conducting a series
of studies comparing single and repeated mild blast injury (5 over-
pressure exposures administered on consecutive days), we aimed to
assess the extent of the damage accumulation in mbTBI (i.e., the

Figure 1 | MRI data analysis. (a) A T2-weighted image from a single subject with the hippocampus manually outlined in red. (b) A mean directionally

encoded color image. (c) Map of FA derived from DTI of all spatially registered brains (every second slice is shown). (d) The registered anatomical ROIs

derived from the atlas overlaid on the FA map for visualization.

Figure 2 | Volumetric and DTI measures in the hippocampus. (a) Hippocampal volume (cm3) of sham (SS, single sham; MS, multiple sham) and injured

(SI, single-injured; MI, multiple-injured) rats terminated at 2 h and 45 days after blast (or sham) exposure(s). (b) Fractional anisotropy (FA) in the

hippocampi of rats at the same time points. Data are presented as the mean 6 SEM.
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cumulative effect of the injury) at different post-injury time points.
Of particular interest to us is correlating cellular and molecular level
changes with structural and neurocognitive changes toward a defin-
itive diagnosis for mbTBI. The objective of this study was to deter-
mine if the exposure to single and repeated mild blast overpressure,
which resulted in significant functional, cellular, and molecular
changes, also induced structural changes that are detectable by ex
vivo DTI.

Based on a number of bTBI studies that implicate the hippocam-
pus in the development of neurobehavioral symptoms, we expected
to detect injury-induced structural and/or volumetric changes in this
region due to its involvement in TBI34,35. We previously found sig-
nificantly increased numbers of apoptotic, TUNEL-positive cells in
the hilus and granular cell layer of the hippocampus as early as 2 h
post-injury in both single- and multiple-injured rats36. However, we
found no significant changes in hippocampal volume or FA in the
hippocampus in our current study. This discrepancy may be related
to the current spatial resolution of DTI. Another plausible explana-
tion is that even though we found significantly increased rates of cell
death in the hippocampus, we also found a substantive gliotic res-
ponse30,31,33,37. Such astroglial hypertrophy can potentially compens-
ate for the loss in volume caused by cell death.

A recent ex vivo DTI rodent study has shown that the microstruc-
ture of the hippocampus can be significantly affected in mbTBI23.
Consistent with impaired cognitive performance, FA values were
significantly decreased in select brain regions of blast-exposed rats
relative to their sham controls at 4 and 30 days post-injury. The
affected brain regions included the hippocampus, thalamus, and
brainstem. It is important to note, however, that the blast model
and experimental design of our and the Budde et al. study are very
different. Nonetheless, hippocampal abnormalities have been found
in a number of clinical mbTBI studies using various imaging
modalities12,15,17,38–40.

Since no significant hippocampal changes were detected in our
work, an automated, anatomical ROI analysis without a priori
assumptions of affected regions was used to examine the brains23.
Compared to a voxel by voxel approach that includes thousands of
independent statistical tests, the whole brain anatomical ROI
approach reduces the number of statistical comparisons but avoids
tedious manual definition of brain regions41. The results of this ana-
lysis demonstrated significant changes that are largely confined to
midline thalamic structures and the cerebellum. Post hoc analysis
revealed that SI and MI rats were significantly different from one
another in the thalamus and thalamic nuclei. Previous bTBI studies
also found changes in the thalamus using DTI23 and histological
methods42. Thalamus-mediated functions account for a significant
number of the most frequently reported neurobehavioral symptoms
in clinical mbTBI. Among the leading complaints are sleep and emo-
tional disturbances as well as altered sensory sensitivities, both aud-
itory and visual14.

Cerebellar abnormalities have been found in most human bTBI
imaging studies12,15,16,43 and in a recent rodent bTBI study24. These
findings illustrate the region-specific vulnerability of the brain to
different types of physical insults—an important albeit poorly under-
stood issue in TBI. The cerebellum’s susceptibility to injury maybe
due to its anatomy; it is located in a relatively small sub-compartment
of the skull and the ratio between cerebellar white and grey matters is
different from that in the cerebrum. Primary blast injury mainly
exerts damage at the interface of biological materials with differing
physiochemical properties (e.g., grey and white matter). Indeed,
white matter damage—including cerebellar white matter—has been
found in virtually all human bTBI imaging studies. Functionally, the
cerebellum is involved in certain cognitive and learning functions,

Figure 3 | Brain regions exhibiting significant ROI changes. Regions with

a significant Blast x No. of Events interaction were first identified; those

with significant differences between single-injured and multiple-injured

rats (corrected for multiple comparisons) are shown in red.

Table 1 | Brain regions exhibiting significant blast event-related effects at 2 h post-injury

Fractional Anisotropy Axial Diffusivity Radial Diffusivity

Blast x No. of Events
Interaction

Blast x No. of Events
Interaction

SI vs. MI

t -Test
Blast x No. of Events

Interaction

SI vs. MI

t -Test

Brain Region F value p valuea F value p valueb t value p valueb F value p valueb t value p valueb

Stria Terminalis 4.55 0.065 19.28 0.017 6.34 0.023 11.91 0.068 4.80 0.099
Posterior Hypothalamic Nucleus 1.25 0.296 13.56 0.043 3.78 0.145 13.57 0.048 4.06 0.189
Islands of Calleja 1.95 0.200 26.50 0.006 29.89 0.004 34.55 0.003 26.23 0.042
Olfactory Tubercle 1.02 0.341 35.79 0.002 25.28 0.048 70.63 0.000 27.95 0.010
Ventral Nucleus of Thalamus 0.98 0.352 29.78 0.004 9.02 0.007 20.89 0.014 6.81 0.026
Lateral Dorsal Nucleus of Thalamus 3.60 0.094 15.33 0.032 7.01 0.017 18.44 0.021 7.28 0.021
Lateral Posterior Nucleus of Thalamus 2.06 0.189 15.96 0.026 5.55 0.040 18.47 0.018 5.65 0.059
Central Lateral Nucleus of Thalamus 3.09 0.117 20.11 0.014 7.18 0.014 24.46 0.009 8.05 0.005
Medial Dorsal Thalamus 1.93 0.203 15.71 0.029 7.74 0.011 17.07 0.026 7.31 0.016
Midline Thalamic Nuclei 7.55 0.025 21.27 0.011 10.00 0.002 15.91 0.031 6.72 0.031
Thalamus 0.35 0.568 13.29 0.047 4.85 0.065 13.89 0.044 4.77 0.108
Cerebellum 4.24 0.073 17.26 0.022 23.41 0.212 21.95 0.011 25.05 0.089
auncorrected.
bfalse discovery rate corrected.
SI, single-injured (n 5 3); MI, multiple-injured (n 5 3).
Statistically significant differences between SI and MI rats are indicated in boldface.
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hence the detected changes are consistent with clinically observed
abnormalities44,45.

Among the other affected brain structures is the stria terminalis,
which serves as a major relay site within the hypothalamic-pituitary-
adrenal axis46. Similar changes were also found in the olfactory tuber-
cule, including the islands of Calleja. The olfactory tubercule has
been shown to play a role in behavioral response as it is intercon-
nected with several brain regions with sensory and arousal/reward
functions47. In fact, injury to the islands as a result of restricted blood
flow has been linked to a number of behavioral and emotional
responses such as amnesia and changes in personality—behavioral
changes that are not possible to assess in animal models.

A critical limitation toward better understanding human mbTBI is
inherent variability as well as the unknown biophysical forces that are
experienced during injury. Additionally, most existing DTI studies of
veterans have been performed years after the injury. Animal models
of mbTBI allow for direct testing of the many effects of blast wave
characteristics under carefully controlled conditions48. However, we
currently have no clear understanding of how human years (physio-
logically and pathologically speaking) translate into rat months (or
weeks). Furthermore, the lack of a consensus regarding a high fidelity
experimental bTBI model—as demonstrated by the imaging findings
obtained using various blast models—is a major impediment to
studying the physical and biological effects of primary blast injury.

Another pressing issue is how DTI findings in mbTBI (or
any other neurological disorder) relate to changes detectable by

proteomics or histology. We emphasize this point because although
rats terminated at 42 days did not exhibit significant ROI changes as
measured by DTI, proteomic analyses of plasma at the same time
point showed significant and persistent molecular pathologies in SI
as well as MI rats36,49. These include inflammation, metabolic and
vascular changes, neuronal and glial cell damage and/or death, and
axonal damage.

A technical limitation of our study is the use of fixed tissues in ex
vivo DTI, mainly due to altered diffusivity of water molecules.
Nonetheless, previous studies have demonstrated that ex vivo DTI
provides valuable structural information that correlates with in vivo
changes albeit to a varying extent. This may partially account for the
poor correlation between cellular changes obtained by conventional
histology and volumetric/DTI measures in the hippocampus. It
should be noted that animal in vivo imaging has its own issues with
scanning times (and corresponding anesthesia times), image acquisi-
tion protocols, and motion artifacts being the major ones.

Despite the increased attention in recent years on blast as a mech-
anism of mTBI, the subject of how blast waves affect the brain along
with diagnosing mbTBI are still a matter of considerable debate. The
abovementioned caveats underline the importance of combining
objective and clinically relevant outcome measures in experimental
TBI to validate and correlate findings, to enable more direct compar-
isons of pathologies observed in animal and in clinical TBI research,
and to enable the development of sensitive and specific diagnostics
for mbTBI29.
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Figure 4 | Mean DTI values at the two time points. Data were extracted from each subject as a single value from the ROIs showing significance in the
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multiple-injured).
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Methods
Animals and housing conditions. A total of 60 male Sprague Dawley rats (weight at
arrival: 245–265 g) (Charles River Laboratories, Wilmington, MA) were used in the
original experiments36,49. All animals were housed in standard rat cages with a built-in
filter in a reverse 12-h light 12-h dark cycle with food and water ad lib. Animals were
handled according to protocol approved by the Institutional Animal Care and Use
Committee at the Uniformed Services University (USU; Bethesda, MD).

Experimental groups and manipulations. All animals underwent a 5 day
acclimation and handling period and were later assigned to the following groups:
naı̈ve, single sham (SS), single-injured (SI), multiple sham (MS), and multiple-injured
(MI) as described earlier36,49. Rat numbers in the early and late termination groups
were: (N 5 30; naı̈ve 5 3, SS 5 6, SI 5 7, MS 5 6, MI 5 8) and (N 5 30; naı̈ve 5 3, SS
5 6, SI 5 7, MS 5 6, MI 5 8), respectively. Naı̈ve rats were kept in the animal facility
at USU without any manipulation for the duration of the studies. SS rats were
transported once from USU to Walter Reed Army Institute of Research (Silver Spring,
MD) and anesthetized in an induction chamber with a 4% isoflurane (Forane; Baxter
Healthcare Corporation, Deerfield, IL) in air mixture delivered at 2 L/min for 6 min.
MS rats were similarly transported and anesthetized once per day for 5 consecutive
days. SI and MI rats underwent the same procedures as their respective sham controls
in addition to receiving a single or multiple (5 total) mild blast exposure(s)36,49.

Injury conditions. Anesthetized rats in chest protection (weight at injury: 300–
330 g) were placed in the shock tube holder in a transverse prone position with the
right side facing the direction of the membrane and the incidence of the blast waves.
Blast overpressure was generated using a compressed air-driven shock tube yielding a
single blast overpressure wave (average peak total pressure: ,137 kPa at the animal
level) to produce a mild injury as described in detail31,37,50. Following blast (or
equivalent time spent anesthetized as a sham), animals were moved to an adjacent
bench top for observation and then transported back to the USU animal facility at the
conclusion of each injury day.

Preparation of specimens for imaging. A subset of animals from each experiment
[(2 h termination: n 5 11; SS 5 2, SI 5 3, MS 5 3, MI 5 3) and (42 day termination:
n 5 16; SS 5 4, SI 5 4, MS 5 4, MI 5 4)] was used for MRI/DTI analyses; all other
animals were used for proteomics as described earlier36,49. Rats were deeply
anesthetized with isoflurane inhalant until a tail pinch produced no reflex movement,
then transcardially perfused with cold phosphate-buffered saline (PBS) followed by a
4% paraformaldehyde in 1x PBS solution. The brains were removed and post-fixed in
the same solution overnight at 4uC and then transferred to a 1x PBS solution
containing 0.1% sodium azide until scanning. No hemorrhage or any other signs of
macroscopic damage were detected in any of the animals.

Image acquisition. Fixed brains underwent ex vivo DTI within 2 days of perfusion
fixation on a Bruker 7 T vertical bore system. Brains were immersed in susceptibility-
matching fluid (Fomblin; Solvay Solexis, Inc., West Deptford, NJ) and inserted into a
radiofrequency coil 3 cm in diameter. A three-echo diffusion-weighted spin echo
sequence was employed (TR 5 4 s; TE 5 20 ms (first echo; 7.5 ms echo spacing) to
acquire diffusion-weighted images (b 5 1200 s/mm2) along 30 directions51 with
diffusion gradient duration (d) and separation (D) of 4 and 10 ms, respectively, along
with 5 non diffusion-weighted images52. The slice thickness was 0.5 mm with an in-
plane resolution of 0.234 mm2 and a 30 mm2 field of view (1282 matrix). The full
experiment required 6 h of continuous imaging. DTI data was reconstructed using a
linear least squares fit to derive parameter maps of FA, AD, and RD using custom
Matlab routines53.

Data analysis. The analysis of MRI data included volumetric and DTI measures in the
hippocampus and an anatomical ROI analysis of DTI data without a priori
assumptions of affected regions. Hippocampal volume and FA in the hippocampus
were derived from manual segmentation of the hippocampus on T2-weighted and FA
maps, respectively, by an operator blinded to animal conditions. For unbiased
quantification of DTI measures using anatomically based ROIs, DTI volumes from all
subjects were first registered to a common space using an iterative, tensor-based
registration routine implemented in DTI-TK54. Rigid-body, affine, and diffeomorphic
(piecewise affine) methods were used in succession to progressively improve
registration accuracy, as this approach has been shown to be superior to other
routines55. The final image resolution was 120 3 120 3 500 mm3. Anatomical ROIs
were derived from a digital rat brain atlas included as part of the Medical Image
Visualization and Analysis Software (MIVA) software package56. The regions
consisted of 87 subregions of the brain initially derived from the Paxinos Rat brain
atlas57. A mask of white matter regions derived from the atlas was registered to a mask
of white matter regions derived from DTI by thresholding the FA maps at 0.2. An FA
value of 0.2 was chosen empirically since it effectively masked the white matter tracts.
It should be noted that this threshold value was used for the registration of the ROIs,
not for quantification. Registration employed a point-set based registration metric
incorporated into Advanced Normalization Tools (ANTS) software package,
including elastic warping58. The resulting overlap demonstrated high correspondence
between the DTI and atlas-based white matter structures (Fig. 1C). The mean FA, AD,
and RD within each ROI were derived from each of the registered DTI volumes from
each subject for subsequent statistical analysis (Fig. 4).

Statistical analysis. Twenty-seven animals were used for the analyses (2 h
termination, N 5 11; 42 day termination, N 5 16). A mixed-effect ANOVA was first
performed to identify any significant effects of left/right (L/R) asymmetry. Since none
of the brain regions exhibited a significant Blast x No. of Events x Side (L/R)
interaction, the effect of side was collapsed for all subsequent analyses. For
hippocampal volume and FA in the hippocampus, ANOVAs followed by Tukey’s
HSD test were performed separately at each time point. Subsequently, a one-way
ANOVA was performed for each condition across the two time points.

For DTI, a two-way ANOVA was performed to compare the main effects of Blast x
No. of Events interaction. Regions that exhibited a significant interaction were sub-
jected to post-hoc analysis using a Student’s t-test to compare the SI and MI groups.
All statistical tests were corrected for multiple comparisons (87 individual ROIs) by
controlling for the false discovery rate59. A Spearman correlation analysis was used to
identify brain regions significantly correlated to either the number of blast events or
the number of sham events. A corrected p value of 0.05 was considered significant for
all tests.
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Factors Affecting Blast Traumatic Brain Injury

Alaa Kamnaksh,1,3 Erzsebet Kovesdi,4 Sook-Kyung Kwon,1,3 Daniel Wingo,1 Farid Ahmed,1,3

Neil E. Grunberg,2,3 Joseph Long,5 and Denes V. Agoston1,3

Abstract

The overlapping pathologies and functional outcomes of blast-induced TBI (bTBI) and stress-related neuro-
behavioral disorders like post-traumatic stress disorder (PTSD) are significant military health issues. Soldiers
are exposed to multiple stressors with or without suffering bTBI, making diagnosis and treatment as well
as experimental modeling of bTBI a challenge. In this study we compared anxiety levels of Naı̈ve rats to ones
that were exposed to each of the following conditions daily for 4 consecutive days: C I: transportation alone;
C II: transportation and anesthesia; C III: transportation, anesthesia, and blast sounds; Injured: all three
variables plus mild blast overpressure. Following behavioral testing we analyzed sera and select brain regions
for protein markers and cellular changes. C I, C II, and C III animals exhibited increased anxiety, but serum
corticosterone levels were only significantly elevated in C III and Injured rats. C III and Injured animals also
had elevated interferon-c (IFN-c) and interleukin-6 (IL-6) levels in the amygdala (AD) and ventral hippo-
campus (VHC). Glial fibrillary acidic protein (GFAP) levels were only significantly elevated in the VHC,
prefrontal cortex (PFC), and AD of Injured animals; they showed an apparent increase in ionized calcium-
binding adapter molecule (Iba1) and GFAP immunoreactivity, as well as increased numbers of TUNEL-
positive cells in the VHC. Our findings demonstrate that experimental conditions, particularly the exposure to
blast acoustics, can increase anxiety and trigger specific behavioral and molecular changes without injury.
These findings should be taken into consideration when designing bTBI studies, to better understand the role
of stressors in the development of post-traumatic symptoms, and to establish a differential diagnosis for PTSD
and bTBI.

Key words: behavior; inflammation; traumatic brain injury

Introduction

Psychological stress, traumatic brain injury (TBI), or a
combination of the two can result in increased anxiety,

memory impairment, and mood disorders (Brenner et al.,
2009; Jaffee and Meyer, 2009). Neurobehavioral changes have
become a significant health issue in recent military conflicts as
soldiers are exposed to various psychological stressors with or
without blast-induced TBI (bTBI; Brenner et al., 2009; Van
Boven et al., 2009; Vasterling et al., 2009). Exposure to psy-
chological stress alone, in the form of traumatic life-threat-
ening events, can manifest as post-traumatic stress disorder
(PTSD; Breslau and Kessler, 2001), which is especially com-
mon among soldiers (Keane et al., 2006; Richardson et al.,
2010).

Earlier works have shown that bTBI is a specific form of
neurotrauma (Cernak et al., 2001a,2001b,2011; Chavko et al.,
2011; Pun et al., 2011; Risling et al., 2010). Neurobehavioral
changes often result from bTBI and share many PTSD
symptoms like altered anxiety levels and memory impair-
ment (Okie, 2005; Ryan and Warden, 2003). Such changes
have been frequently observed after survivable bTBI, both
moderate and severe. Accumulating evidence shows that
even exposure to mild blast overpressure can result in lasting
neurobehavioral changes (Elder and Cristian, 2009; Elder
et al., 2010; Rosenfeld and Ford, 2010).

Exposure to repeated mild blast overpressure poses special
diagnostic challenges since there are typically no visible in-
juries (Belanger et al., 2007; Brenner et al., 2009), and acute
neurobehavioral assessments indicate no significant
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impairment. Soldiers return to their duties and many are de-
ployed numerous times. The consequences of repeated ex-
posure to mild explosive blasts are an especially pressing
issue for the military healthcare system for several reasons.
These include the sheer number of soldiers exposed to re-
peated blasts, the apparent cumulative effect of the exposures,
and the delayed onset of neurobehavioral symptoms (Ro-
senfeld and Ford, 2010).

Repeated exposure to low levels of blast overpressure can
lead to repeated mild bTBI (mbTBI; Elder and Cristian, 2009;
Elder et al., 2010; Rosenfeld and Ford, 2010). Repeated mbTBI
is currently not very well defined because the observed neu-
robehavioral abnormalities overlap with those of PTSD (Be-
langer et al., 2007; Brenner et al., 2009; Vasterling et al., 2009).
Importantly, it appears that there is a relationship between the
number of exposures to mild explosive blast and the mani-
festation of neurobehavioral symptoms like anxiety (Ro-
senfeld and Ford, 2010). Increased anxiety suggests damage to
specific neuroanatomical structures, including the ventral
hippocampus (VHC), the amygdala (AD), and the prefrontal
cortex (PFC), brain structures that are also indicated to be
affected in PTSD ( Jaffee and Meyer, 2009).

The complexity of battlefield environments combined
with potential individual variability makes modeling and
identifying the physical and psychological impacts of re-
peated mbTBI challenging. Earlier works have demonstrated
that exposure to high-energy impulse noise alone can trig-
ger distinct cellular and molecular changes (Säljö et al.,
2001,2002,2008). Moreover, blast sounds (without direct ex-
posure to high-energy impulse noise) may act as a powerful
stressor capable of inducing adverse physiological changes
that increase anxiety and alter behavior. This is consistent
with soldiers that develop post-traumatic symptoms without
sustaining any prior physical injury on the battlefield.

Attempting to mimic field conditions can help us analyze the
individual contribution of each environmental factor in the
development of neurobehavioral symptoms of repeated
mbTBI. In this study, we aimed to control for several experi-
mental variables (i.e., conditions) repeated for 4 consecutive
days: Naı̈ve: no experimental manipulation; C I: transportation
alone; C II: transportation and anesthesia; C III: transportation,
anesthesia, and blast sounds; Injured: all three variables plus
exposure to mild levels of blast overpressure (Table 1).

Each of these experimental variables can potentially play a
role in the observed behavioral, cellular, and molecular
changes. Soldiers are exposed to various stressors, that in-
clude transportation (with the potential danger of roadside
bomb detonation), heat, and the acoustic cues of blast with or
without injury ( Jaffee and Meyer, 2009). On the other hand,
anesthesia (e.g., by isoflurane) has been shown to be a neu-
roprotective (Kurz et al., 1997; Xiong et al., 2003), and in turn a
confounding factor in studies that include ischemia.

We found that repeated exposure to standard experimental
conditions, particularly the acoustic cues of blast, can signif-
icantly increase anxiety and trigger cellular and molecular
changes, even without injury. These findings suggest that the
consequences of multiple blast exposure are influenced by
numerous factors; direct exposure to blast overpressure is
only one of them. These findings need to be taken into con-
sideration when designing, analyzing, and interpreting bTBI
studies for their implications in the overlapping pathologies
of psychological stress and blast-induced physical injury.

Methods

Animals and housing conditions

A total of 34 male Sprague-Dawley rats weighing 245–265 g
(Charles River Laboratories, Wilmington, MA) were used.
The rats were housed 2 per standard rat cage with free access
to food and water in a reverse 12-h/12-h light-dark cycle. The
animals were handled according to a protocol approved by
the Institutional Animal Care and Use Committee (IACUC) at
the Uniformed Services University (USU). Behavioral testing
was conducted during animals’ dark cycle.

Injury and experimental conditions

After 5 days of acclimation and handling, all animals except
Naı̈ve rats (n = 6) were transported daily for 4 consecutive
days from USU (Bethesda, MD), to Walter Reed Army In-
stitute of Research (WRAIR, Silver Spring, MD), and exposed
to the various experimental conditions (Table 1). For the du-
ration of the study Naı̈ve animals were kept in the animal
facility at USU with a constant room temperature of 69�F and
68% humidity; the average sound pressure level (SPL) was
measured at 50 – 10% dB. Normal and peak SPL were mea-
sured using a Precision Impulse Integrating Sound Level
Meter (Model 1800; Quest Electronics, Oconomowoc, WI).
Condition I animals (C I, n = 6) were transported to WRAIR 2
per cage, but were neither anesthetized nor exposed to the
acoustic cues of blast. The rats remained in the vehicle (with
food and water ad libitum) and were not brought into the
facility; the temperature inside the vehicle ranged from 85–
92�F, humidity was 54–88%, and SPL was 47–75 dB. Condi-
tion II animals (C II, n = 6) were transported and anesthetized,
but not exposed to the acoustics of blast. The rats were placed
in an induction chamber and anesthetized for 6 min with 4%
isoflurane (Baxter Healthcare Corporation, Deerfield, IL).
Following anesthesia, C II rats were removed from the facility
prior to any blast exposures and returned to the vehicle;
temperature in the holding room was 73�F, humidity was
62%, and SPL was 55 – 10% dB. Condition III animals (C III,
n = 8) were transported, anesthetized, and exposed to blast
sounds. Blast sounds were generated by the blast tube during
Injured animals’ exposure to mild blast. C III rats were kept in
the adjacent holding room for the length of the Injured ani-
mals’ exposures. Peak SPL during blast overpressure was
measured at 95 – 10% dB. Injured animals (n = 8; weight
*300 g) were transported, anesthetized, and exposed to blast
sounds, as well as blast overpressure using a compression-
driven shock tube (Long et al., 2009). Following anesthesia the
rats were placed in the shock tube holder in a transverse prone
position and exposed to whole-body blast overpressure while
wearing chest protection. Blast procedures were conducted as
previously described (Kovesdi et al., 2011). The duration of
apnea was measured for Injured animals, after which they
were returned to their cages. After completion of the blast
exposures, all animals were transported back to the USU an-
imal facility.

Behavioral test: Elevated plus maze (EPM)

On the last day of the exposures, basic motor activity and
anxiety were measured with an EPM (Kovesdi et al., 2011;
Kwon et al., 2011). Briefly, the rats were placed one by one in
the center of the maze facing one of the open arms; each
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animal was allowed to explore freely for 5 min while its
movement was video tracked. Total distance travelled (me-
ters) and time spent (seconds) in the center and in each arm
was recorded using ANY-maze 4.2 Software (Stoelting
Company, Wood Dale, IL).

Tissue collection and processing

One day after behavioral testing, the animals were placed
inside an induction chamber saturated with isoflurane and
deeply anesthetized. For the reverse phase protein microarray
(RPPM) and enzyme-linked immunosorbent assays (ELISA;
Naı̈ve = 4, C I = 4, C II = 4, C III = 5, and Injured = 5), the rats
were decapitated and the brains were immediately removed
and placed in ice. The AD, PFC, and VHC were then dissected,
flash frozen in dry ice, and stored at - 80�C.

For histology (Naı̈ve = 2, C I = 2, C II = 2, C III = 3, and
Injured = 3), the rats were placed under deep isoflurane an-
esthesia and transcardially perfused with cold phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde
solution. The fixed brains were then immersed in cold 15%
and 30% sucrose in 1 · PBS (consecutively) for cryoprotection.
The frozen brains were sectioned coronally at 20 lm thickness
using a cryostat (Cryocut 1800; Leica Microsystems, Ban-
nockburn, IL), and sections containing the VHC were kept at
- 80�C until use.

Protein measures

Preparation of samples. Sample preparation, printing,
scanning, and data analysis were performed using RPPM
technology as previously described (Gyorgy et al., 2010). Fro-
zen brain sections were immersed in 500 mL T-PER solution
with protease and phosphatase inhibitors and sonicated on ice.
Serum samples were centrifuged for 15 min at 4�C, and the
supernatants were aliquotted and stored at - 80�C. Tissue
samples were diluted in print buffer to 1 mg/mL, and then
diluted in an 11-step dilution in 96-well plates. The samples
and dilutions were added to Genetix 384-well plates (X7022;
Fisher Scientific, Pittsburgh, PA) using a JANUS Varispan In-
tegrator and Expanded Platform Workstation (PerkinElmer,
Waltham, MA), which was programmed to add the samples in
a specific pattern for the Aushon Arrayer (Aushon Biosystems,
Billerica, MA). The plates were added to the Aushon Arrayer
and printed on single nitrocellulose pad slides.

Printing parameters

The Aushon Arrayer was programmed to use 16 pins (4 · 4
pattern). The 384-plate sample configuration and Aushon
program were set to print the 12-point dilution in a triplicate
3 · 12 block. Tissue samples were printed two touches per
spot, while serum samples were printed with one touch.

Table 1. Experimental Variables and Animal Groups

Experimental variables

Group Transportation Anesthesia Blast acoustic cues Mild blast TBI

Naı̈ve (n = 6) - - - -
C I (n = 6) + - - -
C II (n = 6) + + - -
C III (n = 8) + + + -
Injured (n = 8) + + + +

Transportation

Duration Total distance travelled Temperature Sound pressure level (SPL)

35 min 6.7 meters 85–92�F 47–75 dB

Anesthesia

Duration Type Concentration Air pressure

6 min Isoflurane 4% *2 psi

Blast acoustic cues

Normal SPL (in holding room) Peak SPL (in holding room) Amount Frequency

55 – 10% dB 95 – 10% dB 8 · daily 6 min apart

Mild blast TBI

Mylar membrane thickness Total pressure Total overpressure duration Apnea

355.6 lm 19.41 psi 10.60 msec 15 sec

The tabulated values for duration, temperature, SPL, blast pressure, and apnea are 4-day averages. Anesthesia duration and concentration,
distance travelled, and frequency are exact. Each group was exposed to a different combination of the described experimental variables. All
groups (except Naı̈ve animals) were exposed to their designated conditions daily for 4 consecutive days.

psi, pounds per square inch; TBI, traumatic brain injury; dB, decibel.
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Immunochemical detection

Primary antibodies were diluted to 10 · the optimal Wes-
tern blot analysis concentration in antibody incubation buffer.
Primary antibodies were diluted to the recommended con-
centrations: vascular endothelial growth factor (VEGF) 1:100
and glial fibrillary acidic protein (GFAP) 1:5000, and then
incubated overnight at 4�C with a cover-slip. On the following
day the slides were washed and then incubated with Alexa
Fluor� 635 goat anti-mouse (cat. no. A-31574), goat anti-rabbit
(cat. no. A-31576), or rabbit anti-goat IgG (cat. no. A-21086)
secondary antibodies from Invitrogen (Carlsbad, CA) at
1:6000 dilution in antibody incubation buffer for 1 h at room
temperature. After drying, the slides were scanned and data
were imported into a bioinformatics program. More infor-
mation on the primary and secondary antibodies can be found
in detail elsewhere (Gyorgy et al., 2010).

Data analysis

Data from the scanned images were imported into a Mi-
crosoft Excel-based bioinformatics program developed in
house for analysis (Gyorgy et al., 2010). The tool calculates the
net intensity of the primary antibody compared to the sec-
ondary antibody, and graphs it in a linear logarithmic re-
gression format as previously described (Gyorgy et al., 2010).

Corticosterone (CORT) assay

CORT levels were measured using Cayman’s Corticoster-
one Enzyme Immunoassay (EIA) Kit according to the manu-
facturer’s instructions (Cayman Chemical, Ann Arbor, MI).
Each sample was diluted 1:500 and measured in triplicate.

Interleukin-6 (IL-6) and interferon-c (IFN-c) assays

IFN-c and IL-6 levels were measured from brain tissues
using the rat interferon-c ELISA and the rat IL-6 ELISA kits
(both from Thermo Fisher, Waltham, MA). The assays were
performed according to the manufacturer’s instructions.

Histology

Immunohistochemistry. Immunohistochemical stainings
were performed as previously described (Kwon et al., 2011).
Frozen sections containing the VHC were selected and in-
cubated in mouse anti-GFAP (1:400; Millipore, Temecula,
CA) and goat anti-Iba1 (1:1000, ionized calcium-binding
adapter molecule; Abcam, Cambridge, MA) overnight at
4�C. After washing with 1 · PBS, the sections were incubated
with corresponding secondary antibodies (1:100 Alexa Fluor
488 goat anti-mouse IgG and 1:100 Alexa Fluor 488 donkey
anti-goat IgG; Invitrogen) for 1 h at room temperature. The
sections were washed with 1 · PBS and cover-slipped using
anti-fading media (Vectashield; Vector Laboratories, Bur-
lingame, CA).

TUNEL assay

The extent of DNA fragmentation was determined using a
terminal-deoxy-transferase-mediated dUTP nick-end labeling
(TUNEL) in situ cell death detection kit, POD (Roche, In-
dianapolis, IN), according to the manufacturer’s instructions
and as previously described (Kwon et al., 2011). The TUNEL
reaction was performed for 1 h at 37�C; TUNEL-positive cells

were visualized by 3,3¢-diaminobenzidine (DAB) substrate,
and were counted from four sections per animal.

Histological data acquisition

The sections were viewed in an Olympus IX-71 microscope,
and images were collected using a SPOT digital camera (Di-
agnostic Instruments Inc., Sterling Heights, MI), and pro-
cessed as previously described (Kwon et al., 2011).

Statistical analysis and data comparison

Behavioral and proteomics results were analyzed with
analysis of variance (ANOVA) and Tukey post-hoc tests.
TUNEL histology results were analyzed with a two-tailed
Student’s t-test. Statistical analyses were performed using
Graph Pad Instat software (GraphPad Software, San Diego,
CA). Data are reported as the average – standard error of the
mean. For each of our numerical measurements, we deter-
mined whether the differences among experimental groups
were statistically significant ( p < 0.05 is depicted by one aster-
isk, p < 0.01 by two asterisks, and p < 0.001 by three asterisks).

Results

Basic motor function and anxiety

We found that animals in experimental groups C I, C II, and
C III travelled somewhat shorter distances than Naı̈ve rats as
measured in the EPM. The differences among the three con-
ditions were not statistically significant when compared to
Naı̈ve rats or to one another. On the other hand, Injured an-
imals travelled significantly shorter distances than Naı̈ve rats
(Fig. 1A).

C I, C II, and C III animals spent significantly less time in
the open arms of the maze compared to Naı̈ve rats. The dif-
ferences between the three experimental conditions were not
significant. Injured animals also spent less time in the open
arms of the maze compared to Naı̈ve rats, but the difference
was not statistically significant (Fig. 1B).

All experimental groups spent more time in the closed arms
of the maze than Naı̈ve rats. Injured animals spent the longest
time in the closed arms. Due to substantial variations among
animals there were no statistically significant differences
among any of the experimental groups (Fig. 1C).

We also measured the time the animals spent in the central
area of the maze. We saw a trend that somewhat mirrored
what we observed in the closed arms; Injured animals spent
the least amount of time in the center compared to Naı̈ve or C I
rats (Fig. 1D).

Serum corticosterone levels

Serum CORT levels of C I and C II rats were not signifi-
cantly different from those measured in Naı̈ve rats (Fig. 2).
However, C III and Injured animals had significantly in-
creased CORT levels, more than 2 · and * 2.5 · higher than
Naı̈ve rats, respectively.

Protein markers in select brain regions

GFAP levels were significantly higher in all measured brain
regions of Injured animals only, except for C III animals,
which also had significantly elevated GFAP tissue levels in the
AD compared to Naı̈ve animals (Fig. 2).
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We found the highest levels of IFN-c in the AD and the
VHC of Injured and C III animals (Fig. 2); IFN-c levels in the
same brain regions of C I and C II animals were not signifi-
cantly different from those of Naı̈ve animals. Interestingly,
IFN-c levels in the PFC of C I and C II rats were much lower
than the values in the Injured and C III animals.

VEGF showed a similar trend to GFAP levels across all
experimental groups, with VEGF values being highest in the
brains of Injured animals and lowest in Naı̈ve animals (Fig. 2).
VEGF levels were only significantly elevated in the AD of
Injured animals.

IL-6 values were significantly higher in the VHC of the
Injured and C III groups compared to Naı̈ve animals (Fig. 2).
We found that IL-6 levels in the AD and the PFC showed a
somewhat similar trend, but the differences in IL-6 tissue
levels of C III and Injured rats were not statistically significant.

Cellular changes

We saw elevated Iba1 immunoreactivity in the VHC of
Injured rats (Fig. 3A). Of the other experimental groups, only
C II animals displayed a slight increase in Iba1 immunore-
activity, but to a lesser degree than in the Injured animals.

The changes we observed using GFAP immunohisto-
chemistry were similar to those measured by proteomics in
the VHC. We found an apparent increase in GFAP immuno-
reactivity in the VHC of Injured animals (Fig. 3B). Interest-
ingly, GFAP expression also appeared to be slightly elevated
in the VHC of C III animals.

We assessed changes in the number of TUNEL-positive cells
in the hilus and the granular cell layer (GCL) of the VHC. We
found that the number of TUNEL-positive cells was increased
significantly in the GCL of the VHC of Injured animals only (Fig.
4A). Interestingly, the animals in groups C I and C III had lower
numbers of TUNEL-positive cells in the hilus of the VHC.

Discussion

Standard experimental conditions that model select bat-
tlefield environments, particularly repeated exposure to the
acoustic cues of blast, can significantly increase anxiety and
induce cellular and molecular changes, even without injury.
However, the observed gliotic response and significant cell
death is caused by repeated exposure to mild blast over-
pressure. These findings support and extend our previous
observations about the complexity of factors affecting and/or
contributing to the outcome of bTBI (Kwon et al., 2011). At the
experimental level, our findings highlight the importance of
using appropriate sham groups when designing bTBI studies.
We believe that our findings will contribute to a better un-
derstanding of the similarities and differences between the
pathobiologies associated with environmental stressors and
blast-induced physical injury.

Stressors like daily travel, handling, and repeated exposure
to the acoustic cues of blast (without injury) significantly in-
crease anxiety. Elevated anxiety may in turn increase vulner-
ability to and/or worsen the outcome of physical injury (e.g.,
explosive blast). We have shown earlier that exposing chroni-
cally stressed animals to mild blast overpressure prolongs the
period of increased anxiety (Kwon et al., 2011). Although
the contribution of repeated stress and mild blast exposure to
the development of PTSD-like symptoms is currently unknown,
repeatedly exposing animals to the acoustic cues of blast can

increase serum CORT levels almost as significantly as when
combined with blast injury. Abnormal serum CORT levels
can alter the inflammatory response (Garcia-Bueno et al.,
2008; Miller et al., 2009; Sorrells et al., 2009).

IL-6 and IFN-c were both significantly elevated in the VHC
and the AD of animals repeatedly exposed to the acoustic cues
of blast without injury (C III). Repeated exposure to mild blast
further increased serum CORT as well as brain IL-6 and IFN-c
levels; these changes corresponded very well with the mea-
sured functional outcome (i.e., increased anxiety). In addition
to the VHC, the AD is a major neuroanatomical substrate of
anxiety (Bannerman et al., 2004; Holscher, 2003). However,
the relationship between IL-6 and IFN-c levels in these brain
regions and neurotransmitter systems is not clear at this point
(Blalock, 1989; Haddad et al., 2002). Elevated IL-6 levels may
contribute to increased cell death due to its neurotoxic effect
(Lenzlinger et al., 2001; Stoll et al., 2000).

We found significantly increased numbers of TUNEL-
positive cells in the VHC of Injured animals, but not in the
VHC of C III animals. This is consistent with our previous
finding that blast injury triggers a significant increase in the
number of TUNEL-positive cells, while chronic stress has no
significant effect (Kwon et al., 2011). In addition to an increase
in DNA fragmentation, our histology indicated that the in-
crease in GFAP immunoreactivity is another pathological
change specific to injury. Increased GFAP immunoreactivity,
combined with a stellar morphology, is a hallmark of practi-
cally all TBIs (Eng and Ghirnikar, 1994; Fitch and Silver, 2008).

We previously hypothesized that elevated tissue levels of
VEGF are another injury-specific marker (Agoston et al., 2009;
Kwon et al., 2011). In this experiment, we only found elevated
tissue levels of VEGF in the VHC, PFC, and AD of Injured
animals; the rats in all other experimental conditions had tissue
levels similar to the VEGF levels measured in Naı̈ve rats. A key
factor in increasing VEGF levels is hypoxia; Injured animals
sustained a moderate period of apnea, lasting for 15 sec on
average. The resulting hypoxia may be responsible for the in-
crease in VEGF levels and the downstream pathological cas-
cade that potentially distinguishes stress from injury associated
with apnea. VEGF is a multifunctional molecule (Rosenstein
and Krum, 2004) involved in mediating various pathological
processes, including increased vascular permeability following
TBI (Agoston et al., 2009; Skold et al., 2005).

Increased membrane permeability, early gene induction in
certain brain regions, and possible microglia activation have
been shown to result from a single exposure to impulse noise at
around 200 dB (Säljö et al., 2001,2002,2003). It is important to
note that in our experimental set-up, C III and Injured animals
were not exposed to such high intensity noises (Table 1); the
acoustic cues C III and Injured animals were exposed to likely
act as additional stressors rather than direct pressure wave
energy experienced as impulse noise (Dancer et al., 1998). As
discussed above, we found significantly elevated levels of IL-6
and IFN-c in the VHC of C III animals. Similarly, serum CORT
levels were significantly elevated in the same group of animals.
Our findings suggest that repeated exposure to the acoustic
cues of blast may serve as an effective stressor that triggers
distinct neurobehavioral changes implicated in the develop-
ment of post-traumatic symptoms, and possibly shell-shock or
PTSD in soldiers (Guy, 2004; Rosenfeld and Ford, 2010).

Although the detected functional change was not matched
by changes in tested cellular and molecular markers,
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FIG. 3. (A) Ionized calcium-binding adapter molecule (Iba1-), and (B) glial fibrillary acidic protein (GFAP)-immunoreactive
cells in the ventral hippocampus (VHC) of Naı̈ve, C I, C II, C III, and Injured rats. Repeated mild blast-induced bTBI
traumatic brain injury resulted in increased GFAP expression and branching in the granular cell layer (GCL), and Iba1
immunoreactivity in the VHC (scale bar = 100 lm).

FACTORS AFFECTING BLAST TRAUMATIC BRAIN INJURY 2151



transportation alone had a significant effect on anxiety in C I
animals. In a military blast environment, travel in potentially
dangerous areas adds a considerable amount of stress on
soldiers. Experimentally, confounding factors (e.g., anesthe-
sia) associated with animal studies make it more challenging
to ascertain the exact pathological and symptomatic contri-
bution of stress and injury.

Anesthetics like isoflurane can exert complex neuropro-
tective effects on the injured brain (Xiong et al., 2003). More-
over, repeated exposure to isoflurane can provide significant
dose-dependent neuroprotection against the effects of ische-
mia, including reduced neuronal death (Zhang et al., 2010).
However, in our current study, all animals except Naı̈ve an-
imals were exposed to the same duration, concentration, and
frequency of anesthesia, thus ruling out anesthesia as a major
confounding factor. Similarly, the relative contribution of the
transportation stress is equal across all experimental groups.

In summary, we found that repeated exposure to standard
experimental conditions, particularly the acoustics of blast,
increases anxiety and triggers specific cellular and molecular
changes. Importantly, it is the direct exposure to blast over-
pressure that triggers the gliotic response and cellular death.
These findings need to be taken into account when designing,
analyzing, and interpreting bTBI studies. When independently
verified, our findings will help in the development of tools to
distinguish between psychological and physical traumas and
their overlapping pathologies as evidenced in bTBI and PTSD.
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Research Article

Neurobehavioral, cellular, and molecular
consequences of single and multiple mild
blast exposure

Mild traumatic brain injury, caused by the exposure to single or repeated blast over-
pressure, is a principal concern due to its pathological complexity and neurobehavioral
similarities with posttraumatic stress disorder. In this study, we exposed rats to a single or
multiple (five total; administered on consecutive days) mild blasts, assessed their behavior
at 1 and 16 days postinjury) and performed histological and protein analyses of brains and
plasma at an early (2 h) and a late (22 days) termination time point. One day postinjury,
multiple-injured (MI) rats showed the least general locomotion and the most depression-
and anxiety-related behaviors among the experimental groups; there were no such differ-
ences at 16 days. However, at the later time point, both injured groups displayed elevated
levels of select protein biomarkers. Histology showed significantly increased numbers of
TUNEL+ (terminal-deoxy-transferase-mediated dUTP nick-end labeling)-positive cells in
the dorsal and ventral hippocampus (DHC and VHC) of both injured groups as early as 2 h
after injury. At 22 days, the increase was limited to the VHC of MI animals. Our findings
suggest that the exposure to mild blast overpressure triggers early hippocampal cell death
as well as neuronal, glial, and vascular damage that likely contribute to significant, albeit
transient increases in depression- and anxiety-related behaviors. However, the severity of
the observed pathological changes in MI rats failed to support the hypothesized cumula-
tive effect of repeated injury. We infer that at this blast frequency, a potential conditioning
phenomenon counteracts with and reduces the extent of subsequent damage in MI rats.
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1 Introduction

Mild traumatic brain injury (mTBI) is the most frequent
form of neurotrauma among civilian and military popula-
tions [1–4]. While sports injuries, motor vehicle accidents,
and assaults represent the bulk of mTBI incidence among
civilians, improvised explosive devices account for the major-
ity (∼80%) of the casualties sustained during recent military
conflicts. Most of these casualties (∼60%) involved injuries to
the head, resulting in various severities of blast-induced trau-
matic brain injury (bTBI). Of the bTBIs, mild blast-induced
traumatic brain injury (mbTBI), caused by the exposure to
low levels of explosive blast, is the most frequent and its
true occurrence is probably underreported [2, 3, 5, 6]. mbTBI

mediated dUTP nick-end labeling; USU, Uniformed Services
University; VEGF, vascular endothelial growth factor; VHC,
ventral hippocampus; vWF, von Willebrand factor; Y-cept, Y-
axis intercept
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represents a major challenge for the military healthcare sys-
tem due to its high incidence, partly overlapping symptoms
with posttraumatic stress disorder (PTSD), and a lack of ob-
jective diagnostics and specific treatments [4, 7–10].

Soldiers exposed to low levels of blast typically do not
lose consciousness or experience very brief periods of un-
consciousness [10–13]. Consequently, most soldiers pass the
Automated Neuropsychological Assessment Metrics or the
Military Acute Concussion Evaluation as they exhibit tran-
sient and mild symptoms, and are sent back into the field
where many of them may be re-exposed to one or more addi-
tional blasts. Some individuals develop various neurobehav-
ioral problems following a single blast exposure while others
do so after several exposures [2,5,12]. Importantly, practically
no mbTBI occurs without psychological and physiological
stress in a battlefield scenario.

The exposure to psychological stress, particularly chronic
and repeated stress, can cause substantial neurobehavioral
abnormalities and occasionally result in severe affective dis-
orders such as anxiety and memory dysfunctions, even with-
out physical injury. Therefore, stress as a cofactor in mbTBI
can be significant, particularly in the case of repeated ex-
posure [2, 3, 12, 14, 15]. Among the leading neurobehavioral
abnormalities observed in mbTBI are increased anxiety and
memory impairments, both of which have been observed as
a part of PTSD’s symptomatology [3, 7, 15–17]. While reports
suggest that increased anxiety may be transient in nature
and can disappear over time, memory deficits typically have
a delayed onset and may last for an extended period of time
(months and even years).

On a cellular and molecular level, these neurobehav-
ioral changes imply damage to the hippocampus. The
ventral hippocampus (VHC) and its afferent and efferent con-
nections is predominantly involved in mediating depression-
and anxiety-related behavior, while the dorsal hippocampus
(DHC) and its afferent and efferent connections is predom-
inantly involved in mediating spatial learning and memory
[18,19]. Previous works using various animal models of bTBI
have shown that the pathobiology of bTBI includes inflamma-
tion, neuronal and glial cell loss, gliosis, as well as axonal and
vascular damage [2, 14, 20–22]. It has been found that even a
single exposure to mild blast can cause lasting increases in
serum levels of neuron- and glia-specific markers, implicating
neuronal and glial cell damage and/or loss in mbTBI [22,23].
Interestingly, some of these pathological changes have shown
distinct anatomical localization and corresponded with the
observed functional deficits.

Studies have shown that exposing an organism to brief
periods of various physiological stressors such as ischemia
and hypoxia can lead to an increased tolerance to subsequent
insults; a phenomenon known as conditioning [24–27]. Con-
versely, it has been well demonstrated that some patients who
have suffered an mTBI, usually in sports accidents, have an
elevated risk for sustaining severe damage if exposed to sub-
sequent mTBIs [28–30]. This condition, known as secondary
impact syndrome, suggests that the repeated exposure to mild
blast can have a similar cumulative effect that increases the

severity of the functional outcome. While epidemiological
data indicate that repeated exposure to mild levels of blast
can increase the severity of the neurobehavioral outcome in
some cases [2, 3, 5, 6, 11, 13, 31, 32], the key factors respon-
sible for the observed cumulative effect (e.g., predisposing
genetics, preexisting and comorbid conditions, frequency of
impacts) are currently unknown.

In order to assess the validity of a presumed damage
accumulation hypothesis as it relates to functional outcome
severity, we determined the effects of single and multiple
mild blast overpressure (BOP) exposure in a rodent model
of bTBI on basic neurobehavior, plasma and brain tissue
levels of select protein biomarkers, and cellular changes at
two differing postinjury time points.

2 Materials and methods

2.1 Animals and housing conditions

A total of 66 male Sprague Dawley rats [weight at arrival: 245–
265 g] (Charles River Laboratories, Wilmington, MA, USA)
were used in our study. For the duration of the experiments,
all animals were housed in pairs in standard rat cages in a
reverse 12–12 h light–dark cycle with food and water ad libi-
tum. Animals were handled according to protocol, approved
by the Institutional Animal Care and Use Committee at the
Uniformed Services University (USU; Bethesda, MD, USA).

2.2 Experimental groups and manipulations

This study is composed of two separate experiments that vary
with respect to the time animals were terminated after the
completion of the blast exposure(s); all other experimental
manipulations were otherwise identical (Fig. 1). Experiment
One was terminated ∼2 h after blast (or sham) injury, while
Experiment Two was terminated following the completion of
two sets of behavioral analyses at 22 days postinjury. Exper-
iment One was carried out to completion before the com-
mencement of Experiment Two.

All animals underwent an acclimation and handling pe-
riod of 5 days and were then assigned to the following ex-
perimental groups: Naı̈ve, single sham (SS), single-injured
(SI), multiple sham (MS), and multiple-injured (MI). Animal
group numbers in Experiments One and Two are: (N = 30;
Naı̈ve = 3, SS = 6, SI = 7, MS = 6, MI = 8) and (N = 36;
Naı̈ve = 6, SS = 6, SI = 10, MS = 6, MI = 8), respectively.

For the duration of the experiments, Naı̈ve animals were
kept in the animal facility at USU without any manipulation
except on behavioral testing days. SS animals were trans-
ported once from USU to Walter Reed Army Institute of Re-
search (Silver Spring, MD, USA) and anesthetized for 6 min
in an induction chamber with 4% isoflurane (Forane; Baxter
Healthcare Corporation, Deerfield, IL, USA) without being
exposed to BOP. MS animals were similarly transported and
anesthetized daily for five consecutive days. Sham rats were
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Figure 1. Outline of the experimental
schedules. Blood and brain tissue were
collected from animals in Experiment
One approximately 2 h after the last blast
on injury day 5; Experiment Two was ter-
minated 22 days after. The timelines are
not drawn to scale.

kept in the procedure room adjacent to the shock tube for the
length of the injured animals’ exposures.

2.3 Injury

SI and MI animals underwent the same procedures as their
respective sham groups in addition to being exposed to a
single or multiple (five total) mild blasts, respectively. Blast
injury was administered to rats (weight at injury: 300–330 g)
while wearing chest protection using a compressed air-driven
shock tube as described earlier in detail [15,22,23,33]. Briefly,
rats were placed in the shock tube holder in a transverse
prone position and exposed to mild BOP (average peak total
pressure: ∼138 KPa at the animal level); the right side of the
animal faced the direction of the membrane and the incidence
of the blast waves. All animals were transported back to the
USU animal facility at the conclusion of the daily exposures.

2.4 Behavioral tests

All animals in Experiment Two were tested for general loco-
motion as well as depression- and anxiety-related behaviors
using the open field (OF) system, and for spatial learning
and memory using the Barnes maze (BM). Behavioral as-
sessments were performed on separate days starting at day 1
(Behavioral Session I) and day 16 (Behavioral Session II) af-
ter the last exposure (Fig. 1). Behavioral tests were conducted
during animals’ dark cycle.

2.4.1 Open field

Horizontal and vertical activity as well as time spent in the
center of the OF were measured during the 60 min testing

sessions as described earlier [15, 22, 23]. The Omnitech Elec-
tronics Digiscan infrared photocell system (Test box model
RXYZCM; Omnitech Electronics, Columbus, OH, USA), con-
sisting of a 40 × 40 × 30 cm clear Plexiglas arena equipped
with infrared photocells to track the movement of the testing
subject, was used. Each animal was placed on the floor of the
testing arena, the perforated lid was secured, and the subject
was left undisturbed for the duration of testing. Data were
automatically recorded and transmitted to a computer via
an Omnitech Model DCM-BBU analyzer. Cage mates were
tested concurrently to avoid additional separation anxiety for
any of the subjects, and the testing arenas were thoroughly
cleaned with a 30% ethanol solution between animals.

2.4.2 Barnes maze

The latency to locate and enter the escape box was measured
in the BM as described earlier [15,22,23]. Briefly, each rat was
tested twice per day for five consecutive days except on the
first day of BM (three trials). The first of the three trials was
an untimed training trial for animals to locate and enter the
escape chamber. During training, each animal was placed in
the escape box and covered for 30 s, after which the rat was
removed while in the escape box and placed in the center of
the maze. The animal was then allowed to explore the maze
for a few seconds before it was returned to its cage. During the
testing trials, the same rat was placed under a start box in the
center of the maze for 30 s. The start box was then removed
and the animal was allowed to explore the maze freely to locate
the escape chamber. The trial ended when the animal entered
the escape box or when a predetermined time (240 s) elapsed
without finding the escape box. In the case that the animal
was unable to find the escape box within the allotted time, it
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was placed in the escape box for 1 min and then returned to
its cage. The second timed trial for the animal commenced
after the remaining subjects in the same experimental group
completed their first timed trial. The latency to locate and en-
ter the escape box was measured with ANY-maze 4.2 Software
(Stoelting Company, Wood Dale, IL, USA). Throughout the
behavioral sessions, animals were tested in the same order
each day, the position of the escape box (relative to the maze
and the testing room) was kept constant. The escape chamber
and the maze were thoroughly cleaned with a 30% ethanol
solution between animals to eliminate any olfactory cues.

2.5 Blood and tissue collection

For protein measures, rats from Experiment One (N = 17;
Naı̈ve = 3, SS = 3, SI = 4, MS = 3, MI = 4) and Experiment
Two (N = 18; Naı̈ve = 3, SS = 4, SI = 4, MS = 4, MI = 3) were
deeply anesthetized with Isoflurane inhalant; blood was col-
lected and samples were promptly centrifuged at 10 000 revo-
lutions per minute for 15 min at 4�C. The supernatants were
aliquoted, flash-frozen, and stored at −80�C until processing.
Animals were then decapitated using a guillotine (Harvard
Apparatus Co.; Dover, MA, USA) and the brains were im-
mediately removed. The prefrontal cortex (PFC), amygdala
(AD), VHC, and DHC were dissected over wet ice and the
dissected brain regions were then flash-frozen and stored at
−80�C until processing.

For histology, rats from Experiment One (N = 12; SS = 3,
SI = 3, MS = 3, MI = 3) and Experiment Two (N = 12; Naı̈ve =
2, SS = 2, SI = 2, MS = 2, MI = 4) were similarly anesthetized
and transcardially perfused with cold 1× PBS followed by a
4% paraformaldehyde in 1x PBS solution. Fixed brains were
then cryoprotected, frozen, and sectioned coronally using a
cryostat (Cryocut 1800; Leica Microsystems; Bannockburn,
IL, USA) as described in detail [15, 22, 23].

2.6 Protein measures

Relative protein concentrations of the selected biomarkers
were determined using reverse phase protein microarray.
Sample preparation, printing, scanning, and data analysis
were performed as described in detail [15, 22, 23]. Briefly,
dissected brain regions were pulverized in liquid nitrogen
and then sonicated in the presence of protease and phos-
phatase inhibitors. Protein concentrations were measured us-
ing a bicinchoninic acid assay (Thermo Scientific, PI-23250).
Samples were diluted in print buffer to a final protein con-
centration of 1 mg/mL and printed on ONCYTE Avid (tis-
sue samples) or ONCYTE Nova (serum samples) single-
pad NC-coated glass slides using an Aushon 2470 Arrayer
(Aushon Biosystems, Billerica, MA, USA). Primary antibod-
ies were diluted to 10× the optimal Western analysis concen-
tration in antibody incubation buffer as described [21–23,34].
Primary antibodies were used in the following dilutions:
vascular endothelial growth factor (VEGF; 1:50) (Abcam,
ab53465), neurofilament-heavy chain (NF-H; 1:20) (Sigma-

Aldrich, N4142), neuron-specific enolase (NSE; 1:50) (Abcam,
ab53025), glial fibrillary acidic protein (GFAP; 1:500) (Ab-
cam, ab7260), tau protein (Tau; 1:20) (Santa Cruz Biotechnol-
ogy, sc-1995), N-Cadherin (NCad; 1:20) (Santa Cruz Biotech-
nology, sc-31031), von Willebrand factor (vWF; 1:20) (Santa
Cruz Biotechnology, sc-8068), and VEGF receptor-2 or fe-
tal liver kinase-1 (FLK-1) (1:50) (Santa Cruz Biotechnology,
sc-315). Slides were incubated with the primary antibody so-
lutions overnight at 4�C, then washed and incubated with the
secondary antibodies Alexa Fluor R© 635 goat antimouse (A-
31574), goat antirabbit (A-31576), or Alexa Fluor R© 633 rabbit
antigoat Ig G (heavy + light chains) (A-21086) (Molecular
Probes R©, Invitrogen) at 1:6000 dilution in antibody incuba-
tion buffer for 1 h at room temperature. Fluorescent signals
were measured in a Scan Array Express HT microarray scan-
ner (Perkin Elmer, Waltham, MA, USA), and data were im-
ported into a Microsoft Excel-based bioinformatics program
developed in house for analysis [21–23,34]. The linear regres-
sion of the log–log data was calculated after the removal of
flagged data, which include S/N ratios of less than 2, spot
intensities in the saturation or noise range, or high variability
between duplicate spots (>10–15%). The total amount of anti-
gen is determined by the Y-axis intercept or Y-cept [21–23,34].

2.7 Histology

2.7.1 Immunohistochemistry

Every first and tenth coronal section containing the DHC or
the VHC were mounted on positively charged glass slides
two sections per slide. Three slides per animal, containing
sections with identical Z-axes, were selected per brain region
for each immunostaining. Immunohistochemical staining
was performed as described in detail [22, 23]. Briefly, sec-
tions were incubated with the primary antibodies mouse
anti-GFAP (Millipore, MAB360) at 1:400 dilution and rab-
bit antidoublecortin (DCX; Cell Signaling Technology, 4604)
at 1:1000 overnight at 4�C. After washing with 1× PBS, the
slides were incubated with the secondary antibodies Alexa
Fluor R© 555 goat antimouse (A-21422) or 488 goat antirab-
bit Ig G (heavy + light chains) (A-11008) at 1:100 for 1 h at
room temperature; Hoechst 33342 was then applied for 2 min
at 1 �g/mL (Molecular Probes R©, Invitrogen). After a sec-
ond wash, sections were coverslipped using antifading media
(Vectashield; Vector Laboratories, Burlingame, CA, USA).

2.7.2 Histological data acquisition

Histological sections were visualized in an Olympus IX-71
microscope using the appropriate filters, and images were
collected using a SPOT digital camera (Diagnostic Instru-
ments, Sterling Heights, MI, USA).

2.7.3 TUNEL assay

DNA fragmentation as a result of apoptotic signaling cascades
was determined using a terminal-deoxy-transferase-mediated
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dUTP nick-end labeling (TUNEL) in situ cell death detec-
tion kit, POD (Roche, Indianapolis, IN, USA), according to
the manufacturer’s instructions and as described earlier [22].
TUNEL+ cells were then visualized by 3,3′-diaminobenzidine
substrate and counted.

2.8 Statistical analyses and data comparison

2.8.1 Behavior

ANOVA, repeated measures ANOVA, and Dunnett’s t tests
were conducted for each of the behavioral variables using
IBM SPSS Statistics 19. OF activity scores were separated
into three subscales: horizontal activity, vertical activity, and
center time. Latency to find the escape box was analyzed for
BM. All animals in Experiment Two (N = 30; Naı̈ve = 5, SS
= 6, SI = 6, MS = 6, MI = 7) were used for the behavioral
analyses. Data are presented as the mean ± S.E.M. All tests
were two tailed using � = 0.05.

2.8.2 Protein measures

Differences in the mean protein biomarker levels measured
in plasma and in brain tissue were analyzed with ANOVA fol-
lowed by the Tukey–Kramer Multiple Comparisons Test for
all pairwise comparisons across the five experimental groups.
The statistical analyses for Experiments One and Two were
performed separately using Graph Pad Instat software. Sta-
tistical significance within each experiment was reported for
blast injury (MS versus MI* and SS versus SI$) and frequency
(SI versus MI#). A total of 17 animals from Experiment One
(Naı̈ve = 3, SS = 3, SI = 4, MS = 3, MI = 4) and 18 from
Experiment Two (Naı̈ve = 3, SS = 4, SI = 4, MS = 4, MI = 3)
were used for the analyses. Data are presented as the mean
± S.E.M. A two-sided p value of <0.05 is depicted by
one special character, p <0.01 by two, and p <0.001 by
three.

2.8.3 Histology

TUNEL+ cells were counted from four brain sections per
animal in the hilus and in the granular cell layer (GCL) of
the DHC and the VHC. Data were analyzed with ANOVA
followed by the Tukey–Kramer Multiple Comparisons Test
as described above. A total of 12 animals from Experiment
One (SS = 3, SI = 3, MS = 3, MI = 3) and 12 from Exper-
iment Two (Naı̈ve = 2, SS = 2, SI = 2, MS = 2, MI = 4)
were used for the analyses. Data are presented as the mean
± S.E.M. A two-sided p value of <0.05 is depicted by one
special character, p <0.01 by two, and p <0.001 by three.
GFAP- and DCX-immunoreactive cells were not quantified
for group comparison; the images are for illustrative purposes
only.

3 Results

3.1 Behavioral changes

3.1.1 Open field

Figure 2A represents the horizontal activity, an index
of general health and locomotion, of all animals at day
1 and 16 after the injury. Overall, animals had signif-
icantly lower horizontal activity at day 1 (18 222.93 ±
764.94) than at day 16 (23 054.80 ± 836.49), (F(1, 25)
= 27.03, p <0.001, �2 = 0.520). There was also a sig-
nificant group by time interaction on day 1, (F(4, 25) =
4.35, p = 0.008, �2 = 0.410). Pairwise comparisons revealed
that the MI group had significantly less horizontal activity
than the Naı̈ve, SS, and SI groups (p <0.05). A Dunnett’s t
test was conducted to decrease type I error (four comparisons
compared to ten with pairwise), revealing that MI animals
were significantly different from Naı̈ve (p <0.05). No such
differences were observed between the groups at day 16.

Figure 2B represents the vertical activity, an index of
depression-related behaviors, of all animals at day 1 and
16 postinjury; decreased vertical activity indicates more
depression-related behaviors. Overall, animals had lower ver-
tical activity at day 1 (2279.22 ± 143.19) than at day 16 (3290.05
± 188.02), (F(1, 25) = 30.91, p <0.001, �2 = 0.553). There
was also a significant Group by Time interaction, (F(4, 25) =
6.47, p = 0.001, �2 = 0.509). At day 1, there was a main
effect for Group F(4, 25) = 6.32, p = 0.001, �2 = 0.50),
such that the Naı̈ve group had significantly greater vertical
activity than the SS, MS, and MI groups (p <0.05). Simi-
larly, SI animals had greater vertical activity than MI animals
(p <0.05). Dunnett’s t test supported the finding that Naı̈ve
animals had significantly greater vertical activity than SS, MS,
and MI animals (p <0.05). At day 16, there were no differ-
ences in vertical activity between the groups.

Figure 2C represents the amount of time animals spent
in the center of the OF chamber. Center time is an index of
anxiety-related behaviors: a greater time spent in the center
(as opposed to the margins and corners of the testing cham-
ber) indicates less anxiety-related behaviors. Overall, animals
spent less time in the center of the chamber at day 1 postinjury
(718.03 ± 60.87) than at day 16 (1364.24 ± 63.53), (F(1, 25) =
75.25, p <0.001, �2 = 0.751). At day 1, pairwise comparisons
revealed that the Naı̈ve group spent significantly more time in
the center than the SS, MS, and MI groups (p <0.05). At this
early time point, Dunnett’s t test revealed that MS and MI
animals were significantly different from Naı̈ve (p <0.05).
No significant differences were observed in anxiety-related
behaviors on day 16.

3.1.2 Barnes maze

Figure 3A and B represent the latency to find the escape box
on days 2–6 (Test Session I) and 17–21 (Test Session II) after
the injury. Data for Test Session I showed a significant effect
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Figure 2. The general health and depression/anxiety-related be-
havior of animals in Experiment Two; an open field system was
used to measure horizontal activity (number of beam breaks) (A),
vertical activity (number of beam breaks) (B), and center time
(seconds) (C) at day 1 and 16 postinjury. Data are presented as
the mean ± S.E.M.

Figure 3. The spatial learning and memory of animals in Exper-
iment Two; a Barnes maze was used to determine the latency
(seconds) to find the escape box for five consecutive days start-
ing at day 2 (A) and day 17 (B) postinjury. The depicted values
represent the averages of two timed trials per animal in each
experimental group. Data are presented as the mean ± S.E.M.

for time, such that the time to locate the escape box decreased
over time (F(4, 100) = 25.89, p <0.001, �2 = 0.509). There
was also a significant difference at day 5 of Test Session I
(F(1, 25) = 4.00, p = 0.012, �2 = 0.390), where Naı̈ve animals
spent a longer time to find the escape box than SS and MI
animals but these differences were minimal.

The data for Test Session II showed no significant differ-
ences between the experimental groups on any of the testing
days. It is noteworthy that on the final testing day, the MI
group took substantially longer (32.07 ± 7.79) to located the
escape box than the other groups, and that the difference
between the MI and Naı̈ve group (9.10 ± 9.22) approached
significance (pairwise comparison, p = 0.06).

3.2 Molecular changes

3.2.1 Protein markers in plasma

We analyzed the effects of single and multiple mild blast
exposure on the plasma levels of VEGF, NF-H, NSE, and
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Figure 4. Plasma levels of select protein biomarkers at the early (A) and late (B) termination time points. Protein levels were assayed
using reverse phase protein microarray; the reported Y-cept values (log10) indicate relative protein concentrations. Data are presented
as the mean ± S.E.M. (SS versus SI $$p <0.01 and $$$p <0.001; MS versus MI *p <0.05 and **p <0.01).

GFAP at the two described termination time points following
injury (or sham). At the early time point (Experiment One;
∼2 h after the last exposure), VEGF and NSE plasma levels
were significantly increased in MI animals compared to their
sham controls (MS) (Fig. 4A). The plasma levels of the other
two markers, NF-H and GFAP, were not statistically different
in either one of the injured groups (SI and MI) compared to
their respective sham groups (SS and MS). At this time point,
there were no statistically significant differences between the
protein values measured in SI and SS animals for any of the
four markers.

At the late termination time point (Experiment Two;
22 days after the last exposure), the plasma levels of all
four markers were significantly elevated in both injured
animal groups compared to their sham controls, except
for VEGF protein levels in MI animals (Fig. 4B). Impor-
tantly, there were no significant differences between the
plasma levels of any of the markers between SI and MI
animals.

3.2.2 Protein markers in select brain regions

To identify some of the molecular consequences of single and
multiple mild BOP exposure, we analyzed Tau, NCad, vWF,
and FLK-1 concentrations in the AD, PFC, DHC, and VHC.
At the early time point, Tau levels were only significantly el-
evated in the VHC of SI animals compared to their sham
group. At the late time point, Tau levels were significant in

the DHC as well as in the AD of SI animals. Interestingly,
Tau levels were significantly decreased in the AD of MI rats
compared to SI rats. Contrary to Tau, tissue levels of NCad
were significantly increased in the PFC of MI animals at the
early time point. Similarly significant increases were mea-
sured in the DHC of MI rats as well as SI rats at the late time
point; MI animals also had significant NCad increases in
the VHC compared to MS animals (Supporting Information
Table 1).

No significant changes were observed in vWF or FLK-1
at the early time point; tissue levels of both markers were
relatively similar in each brain region for injured animals
and their corresponding sham groups. At the late time point,
significantly increased vWF tissue levels were measured in
the PFC and in the VHC of SI animals. Similarly, MI rats
had significant vWF increases in the PFC in addition to the
DHC. FLK-1 was only significantly elevated in the AD of SI
rats as well as in the VHC of both, SI and MI rats. There
were no significant differences in tissue levels for any of the
measured markers between SI and MI animals (Supporting
Information Table 1).

3.3 Cellular changes

3.3.1 GFAP and DCX immunoreactivities

To determine the effects of single and multiple mild blast
exposure on astroglial response and hippocampal de novo
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Figure 5. GFAP immunoreactivity in the dorsal and ventral hippocampus of SS, SI, MS, and MI animals at the early (I.DHC and I.VHC)
and the late (II.DHC and II.VHC) termination time point, respectively.

Figure 6. DCX immunoreactivity in the dorsal and ventral hippocampus of SS, SI, MS, and MI animals at the early (I.DHC and I.VHC) and
the late (II.DHC and II.VHC) termination time point, respectively.

neurogenesis, we analyzed the DHC and the VHC by GFAP
(Fig. 5) and DCX (Fig. 6) immunohistochemistry, respec-
tively. At the early time point, we observed an apparent
increase in GFAP immunoreactivity in the DHC (Fig. 5
I.DHC) as well as the VHC of SI animals (Fig. 5 I.VHC). Inter-

estingly, no such increase was seen in MI animals at the early
termination time point (Fig. 5 I.DHC and I.VHC). However,
there was an apparent increase in GFAP immunoreactive
cells at the late time point in both, the DHC and the VHC of
MI rats (Fig. 5 II.DHC and II.VHC).
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Figure 7. Presumed apoptotic cells marked by
DNA fragmentation in the dorsal and ventral
hippocampus. TUNEL+ cells per brain section
in the hilus (A) and in the granular cell layer (B)
of SS, SI, MS, and MI animals at the early (A.I
and B.I) and the late (A.II and B.II) termination
time point. Data are presented as the mean ±
S.E.M. ($p <0.05 SS versus SI; **p <0.01 and
***p <0.001 MS versus MI; #p <0.05 SI versus
MI).

We detected an apparent increase in DCX immunoreac-
tivity in the DHC of SI animals at the late but not at the early
time point compared to SS animals (Fig. 6 I. and II.DHC).
No such effect was observed in the DHC or the VHC of MI
animals compared to their sham group at either termination
time point (Fig. 6 I. and II. DHC; I. and II.VHC).

3.3.2 TUNEL histology

We used TUNEL histology to assess the extent of DNA frag-
mentation, and in turn the number of presumed apoptotic
cells in the DHC and the VHC, following single and multiple
mild blasts. At the early time point, the number of TUNEL+
cells was significantly increased in the hilus of the DHC and
the VHC of SI and MI animals compared to their sham groups
(Fig. 7 A.I). At the same time point, differences were only sig-
nificant in the GCL of the DHC in SI animals and in the VHC
of MI animals (Fig. 7 B.I). At the late time point, we detected
no significant differences in the number of TUNEL+ cells in
the hilus of injured and sham animals (Fig. 7 A.II). However,
significant numbers of TUNEL+ cells were present in the
GCL of the VHC in MI rats (Fig. 7 B.II).

4 Discussion

The goal of our study was threefold: (i) to compare the ef-
fects of single and multiple exposures to mild BOP on select
neurobehavioral, cellular, and molecular (protein) outcomes;
(ii) to assess the extent of the cellular and molecular dam-

age immediately following injury and at a later time point;
(iii) to determine whether a presumed cumulative effect of
repeated blast exposure increases the severity of the observed
neurobehavioral abnormalities. We found that the exposure
to mild BOP results in specific time-dependent functional,
cellular, and molecular changes. However, we failed to de-
tect the anticipated cumulative effect of repeated mild blast
exposure. We hypothesize that at this particular frequency of
blast exposure (i.e., once per day for five consecutive days), a
conditioning phenomenon among other factors reduces the
extent of the cumulative damage.

4.1 Behavioral changes

At the functional level, clinical observations have indi-
cated mood disorders including depression, increased ag-
gression, anxiety, and memory impairments as hallmarks
of mbTBI [11, 13, 32]. Some of these neurobehavioral ab-
normalities, particularly memory impairment, develop over
time while other affective symptoms, such as anxiety, can
be transient in nature. In our current study, we found that
anxiety- and depression-related behaviors were greatest in
MI rats 1 day following the injury. The only other study
comparing the effects of single and repeated (3×) expo-
sure to moderate levels of BOP used a basic locomotor test
(Rotarod) to evaluate the functional outcome in a mouse
model [35]. Interestingly, the Rotarod test failed to show any
cumulative effect on basic motor function following repeated
blast exposure [35].
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Consistent with our previous reports, the observed loco-
motor differences (including anxiety- and depression-related
activities) were transient [22, 23]. In a long-term study (69
day survival following a single mild blast injury), we also
found that while anxiety was significantly increased in in-
jured animals 1 day after the exposure, at 1 and 2 months
after the injury, animals displayed no signs of increased
anxiety [22, 23]. Importantly, stress alone without any injury
triggered a similar temporal increase in anxiety levels at the
early testing point. Stress alone and as a cofactor in mbTBI is
extremely important because at the clinical level, mbTBI and
PTSD exhibit partly overlapping neurobehavioral symptoms
[12, 17, 36, 37].

Consistent with our previous observations [22,23], spatial
learning and memory were not affected immediately follow-
ing the injury; all experimental groups learned and performed
the task of locating the escape box in the BM at about the
same rate (Test Session I). On the other hand, on day 21 after
the injury MI rats displayed signs of memory impairment.
This finding is consistent with the chronic nature of mbTBI
and the delayed functional deficits that develop in humans
[12, 17, 38].

4.2 Molecular changes

Clinical as well as experimental findings indicate that the ex-
posure to BOP causes a specific form of TBI (i.e., bTBI). The
highly complex environment caused by explosive blast con-
sists of (supersonic) pressure waves, kinetic energy, heat, and
toxic gases among others. All of these components likely con-
tribute to the complex pathology of bTBI. In fact, evidence
suggests that the various severities of blast induce distinct
biological responses that are reflected in different temporal
profiles of protein biomarkers, which may be used to de-
velop blood-based diagnostics. At the biological interface of
each of these components, specific molecular and cellular
responses can be initiated as a part of the secondary injury
mechanism. In the case of mbTBI, these biological responses
include neuronal and glial loss, neuroinflammation, and glio-
sis [2, 14, 20–22].

In our assessment of the temporal profile of four com-
monly used blood-based biomarkers, we found that plasma
VEGF and NSE levels were significantly increased within 2
h of the injury. The rapid increase in plasma VEGF levels
is consistent with the observation of a rapid and transient
increase in brain water content following repeated injury in
the mouse model [39]. VEGF is involved in the regulation
of various endothelial functions including vascular perme-
ability. The increase in plasma VEGF concentrations after
repeated (but not a single) BOP exposure suggests that mul-
tiple exposures may cause early and sufficient damage to
the vasculature that can contribute to the elevated brain wa-
ter content [40–43]. Neuronal damage and loss, reflected in
the elevated plasma levels of neuron-specific proteins, has
been documented after various types of brain insults [44].

NSE is a soluble neuron-specific enzyme that is frequently
used as a blood-based marker in various TBI studies. The
detected rapid and early rise in NSE’s plasma concentrations
in response to multiple but not to a single blast injury indi-
cates significant neuronal cell damage incurred by repeated
mild blast, which causes the release of NSE from injured
neuronal cell bodies. This protein should be further inves-
tigated as a potential early blood-based marker of repeated
mbTBI.

At the later time point, that is, 22 days after injury, the
plasma concentrations of all four markers were significantly
increased indicating axonal and glial damage (NF-H and
GFAP, respectively), in addition to the vascular and neuronal
damage that was detected previously at the early termination
time point. The increase in NF-H plasma concentrations in
both SI and MI rats is indicative not only of axonal damage,
but also of a compromised blood brain barrier and/or in-
creased permeability [34, 45–47]. The significant increases in
GFAP levels at this time point may reflect a gliotic response
to injury that can be associated with repair processes in the
central nervous system. Importantly, at both time points, we
found no correlation between biomarker plasma levels and
the number of blast exposures. Although protein levels for
each marker were slightly higher in the MI group compared
to the SI group, the expected cumulative effect of repeated
injury as indicated by substantially increased vascular, neu-
ronal, axonal, and glial damage was not observed in MI rats
compared to SI rats.

In addition to the biomarkers measured in plasma, we
analyzed changes in protein markers in select brain regions
with direct neurobehavioral implications; these include the
AD, PFC, DHC, and VHC. Our measurements revealed brain
region- and time-dependent changes in some of the mark-
ers. While there were practically no changes in the tissue
concentrations of markers 2 h after the injury, we found sig-
nificant increases in the tissue levels of Tau in the VHC of
SI rats and NCad in the PFC of MI rats at this early time
point. Tau is a marker of axonal function while NCad is
involved in cell adhesion [23, 48–50]. The other two mark-
ers, vWF and FLK-1, are involved in mediating inflamma-
tion and the neuron-specific effects of VEGF, respectively
[51, 52].

At the later time point, changes in tissue protein levels
were induced by both types of injury, single and repeated,
with the VHC and the DHC being more affected than the
other two brain regions. The hippocampus is involved in
mediating anxiety as well as spatial learning and memory
[18, 19]. Increased tissue levels of the selected markers in
the DHC and the VHC may be a part of the injury-related
response and/or the compensatory mechanism. Consistent
with our measurements in sera, we found no indication of
the hypothesized cumulative effect on the tissue levels of
the measured markers. The preliminary characterization
of the mouse model of repeated blast also found no cumula-
tive effect of repeated blast on cortical levels of reactive oxygen
species [39].
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4.3 Cellular changes

The hippocampus has been long implicated in various neu-
ropsychiatric conditions due to its central role in mediating
learning and memory, as well as anxiety [19,53]. In bTBI, dam-
age to hippocampal structures can occur due to the primary
injury (i.e., the physical forces of the BOP), as well as various
secondary injury processes such as metabolic changes or in-
flammation. Considering the nature of the neurobehavioral
abnormalities associated with mbTBI, our histological analy-
ses focused on different subregions within the hippocampus.
While the VHC is implicated in anxiety-related behaviors, the
DHC is involved in cognitive functions such as learning and
memory [18, 53, 54]. The pathological changes we observed
hereinafter are consistent with our previous findings show-
ing distinct anatomical localizations in mbTBI [22,23]. How-
ever, it is important to note that due to the exploratory nature
of this study and the absence of stereological analyses, our
immunohistochemistry data are nonquantitative and are for
illustrative purposes only.

Our immunohistochemical analysis showed an apparent
increase in GFAP immunoreactivity, especially in the hilus
of both parts of the hippocampus (the DHC and the VHC),
within 2 h after a single exposure. However, multiple blast in-
juries failed to produce the anticipated (i.e., greater) increase
in GFAP immunoreactivity in MI rats compared to their MS
controls in both of the tested brain regions. Interestingly, at
the later time point, GFAP immunoreactivity is comparable
in both injured groups as well as the MS group, particularly
in the DHC. The apparent increase in GFAP immunoreactive
astrocytes in MS animals is consistent with our previous find-
ing that the repeated exposure to environmental and psycho-
logical stressors alone (without injury) is capable of inducing
pathological changes and altering functional outcome [15].
Increased GFAP expression by astrocytes has been observed
after various neuronal insults and is generally considered to
be a part of the gliotic response to injury [55–58]. This gliotic
response has been viewed as both, beneficial and detrimen-
tal. Astroglia have been shown to be involved in eliminating
toxic molecules and in providing trophic factors in support
of recovery after injury. De novo hippocampal neurogenesis,
partly supported by astroglia, has been implicated as a part of
the recovery/regenerative process following neuronal insults
including TBI.

Unlike the apparent early onset of the GFAP response,
the increase in DCX immunoreactivity was more apparent
at the later termination time point. The apparent increase in
DCX immunoreactivity would be consistent with the known
temporal pattern of hippocampal de novo neurogenesis fol-
lowing TBI. New neurons marked by DCX expression typi-
cally become detectable 2–3 wk after injury [59–62]. Impor-
tantly, the largest increase in DCX immunoreactivity was ob-
served in the subgranular zone of the dentate gyrus in the
VHC of SI animals. It should be noted that the VHC is pre-
dominantly involved in mediating anxiety, and that at this
late time point injured animals’ anxiety levels were similar to
those of their respective shams. While it is intriguing to think

about de novo neurogenesis playing a role in the normaliza-
tion of anxiety levels, testing this hypothesis would require
highly complex experiments. The lack of increase in DCX
immunoreactivity in MI rats (in either hippocampal region)
compared to their sham controls can be potentially explained
by the presence of negative growth signals generated by the
repeated exposure to blast, which interfere with the injury-
induced neurogenesis apparent after a single exposure; this,
too, warrants further investigation.

Our TUNEL histology provided evidence for a very early
onset of DNA fragmentation indicating an increased rate of
apoptotic cell death [41, 62–64]. It was at the early time point
(2 h after injury) that we detected the most significant in-
crease in the number of TUNEL+ cells in the hilus as well
as in the GCL of the DHC and the VHC of injured animals.
The detected increases may reflect the damage caused by the
primary injury process, which results in an acute cellular in-
jury that can lead to programmed cell death. Interestingly, the
number of TUNEL+ cells was significant only in the GCL of
the VHC of MI animals at the late time point. Again, there
were no significant differences in the number of TUNEL pos-
itive cells following single or multiple exposures.

4.4 Conclusions

This exploratory study is the first to compare single and mul-
tiple BOP exposure on select functional, cellular, and molec-
ular outcomes in an effort to assess the extent of the damage
in repeated mbTBI. Although the apparent damage was not
substantially higher following five blast exposures as opposed
to one, a slight cumulative effect was observed in MI rats. We
believe that several factors can account for this potentially im-
portant finding. These include obvious species differences,
the frequency of BOP exposures, and a conditioning phe-
nomenon, which may all be interconnected.

Species differences have been a significant issue in exper-
imental biomedical research, especially in TBI. In addition to
the anatomical, biomechanical, and physiological differences
that exist across species, there are significant differences in
metabolism, life expectancy, and the dynamics of disease pro-
gression. A “human year” is calculated to be between 10 and
12 “rat days” [65]. Consequently, the daily blast exposures ad-
ministered to MI rats in this preliminary study can be roughly
equivalent to monthly exposures in humans. Although there
are currently no publicly available epidemiological data that
correlate between the frequency of blast exposures and the
observed cumulative effect, it is safe to assume that this blast
frequency (coupled with rodent physiology) provides too long
of a recovery period between exposures.

Another possible and intriguing explanation is that this
rate of exposure triggers a conditioning effect in rats. It has
been known that brief periods of physiological stress provide
temporary protection or an increased tolerance to subsequent
stressors. It should be noted that the conditioning effect we
postulate in this study is related to the injury process itself,
and not to the neuroprotective effect of repeated anesthesia.
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In our experimental design, we deliberately compare injured
animals to their respective sham groups (as opposed to Naı̈ve
animals) to account for all variables (i.e., handling, trans-
portation, and anesthesia) not related to the BOP. Therefore,
significant differences between injured animals and their re-
spective shams can be attributed to the blast injury alone.

Conditioning has been particularly well studied in vari-
ous models of ischemia affecting the heart as well as the brain.
Ischemic conditioning can significantly improve the outcome
of an otherwise fatal ischemic attack. In a rodent model of
conditioning, repeated mild focal TBI delivered once a day
for 3 days resulted in a significantly improved functional out-
come after a severe focal TBI was delivered 3–5 days after the
last mild (conditioning) injury targeting the same site [24–26].
In this model, the (focal) injury activated the local astroglia
population, which upregulated their Hsp27 expression. Even
though there are differences between the pathologies of fo-
cal and global types of TBI (e.g., bTBI), our group as well
as others have observed astroglial activation in various mod-
els of bTBI. Future testing of the effects of repeated BOP
exposures on astroglial expression of Hsp27 can serve as a
useful marker, which can potentially identify the extent of
vulnerability and/or conditioning after injury.

A limitation of this study (and more generally the rodent
model for studying bTBI) is that under controlled experimen-
tal conditions, animals are positioned to receive the blast uni-
laterally, at the same anatomical location, and at consistent
BOP peak ranges each time. Although it is standard proce-
dure to use identical experimental conditions, this is rarely,
if ever, the case in real life. Considering that BOP exposure
in our blast model is unilateral, it is noteworthy to mention
that there is evidence of brain hemisphere specialization in
rodents [66,67]. The right hemisphere controls emotional ex-
pression and behavioral responses to novel events and threats
as supported by the significant increases in anxiety- and
depression-related behaviors in MI rats following the injury.
Learning, a left hemisphere specialization, is not affected as
seen in Test Session I of the BM. Animals, irrespective of
their experimental manipulations, learned the task of locat-
ing the escape box at a similar rate. Therefore, the functional
outcome of injury as it relates to the incidence of blast can
be a substantial confounding factor in behavioral analyses.
Given the nonfocal, global nature of bTBI, a more randomly
targeted delivery of blast waves (with varying peak pressures)
can more closely mimic operationally relevant scenarios of
repeated mbTBI; an issue that will be investigated at length
in future studies.
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Short Communication

Long-term consequences of single and
multiple mild blast exposure on select
physiological parameters and blood-based
biomarkers

Mild traumatic brain injury (mTBI), especially when it is repeated (rmTBI), can lead to
progressive degenerative diseases and lasting neuropsychiatric abnormalities. To better
understand the long-term pathobiological changes in mTBI and rmTBI, we exposed rats
to single or repeated (5 total; administered on consecutive days) mild blast overpressure,
monitored changes in physiological parameters, and determined the plasma levels of se-
lect biomarkers at 42 days post injury by proteomics. We unexpectedly found comparable
changes in arterial oxygen saturation levels and heart rates of single-injured (SI) and
multiple-injured (MI) rats throughout the observation period. Our analyses indicated last-
ing oxidative stress, vascular abnormalities, and neuronal and glial cell loss in both injured
groups. However, MI rats exhibited a relatively more pronounced increase in the plasma
levels of most of the tested markers—particularly those associated with inflammation—
albeit the differences between the two injured groups were not statistically significant. Our
findings indicate that the frequency of blast exposures is an important determinant of the
resulting cumulative damage in rmTBI.

Keywords:

Animal models / Brain trauma / Experimental / Physiology / Proteomics
DOI 10.1002/elps.201300077

Mild traumatic brain injury (mTBI) accounts for the major-
ity of civilian and military traumatic brain injury (TBI) cases
[1,2]. In both civilian and military environments, affected in-
dividuals (e.g. football players) often sustain additional mild
injuries. mTBI symptoms are typically mild and transient,
however, repeated mild TBIs (rmTBI) can result in dispro-
portionately severe acute symptoms suggesting some sort of
cumulative effect of repeated injuries [3]. rmTBIs also in-
crease the risk of developing late onset, progressive degen-
erative conditions such as chronic traumatic encephalopathy
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Physiology and Genetics, School of Medicine, Uniformed Ser-
vices University, 4301 Jones Bridge Road, Bethesda, MD 20814,
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receptor 9; USU, Uniformed Services University; VEGF, vas-
cular endothelial growth factor; vWF, von Willebrand factor

[4]. Despite their high prevalence, the pathobiology and con-
sequently the diagnosis and treatment of mTBI and rmTBI
have not been adequately addressed.

In a previous study assessing some of the neurobehav-
ioral, cellular, and molecular consequences of single and mul-
tiple mild blast exposure at an early (∼2 h) and a later post
injury time point (22 days), we unexpectedly found a mild cu-
mulative effect following repeated injury [5]. Based on these
findings, we hypothesized that the cumulative effect in rmTBI
requires a longer post injury time period to manifest. To test
this hypothesis, we extended our experimental timeline to
42 days post injury and utilized noninvasive, clinically rele-
vant tools to follow long-term changes in basic physiological
parameters and blood-based biomarkers.

A total of 30 Sprague Dawley male rats, weighing 245–
265 g at arrival (Charles River Laboratories, Wilmington, MA,
USA), were used in our study. Housing, handling, and experi-
mental manipulations of animals have been described earlier
[5]. After an acclimation and handling period of five days, an-
imals were randomly assigned to the following groups: naı̈ve
(N = 3), single sham (SS; N = 6), single-injured (SI; N = 7),
multiple sham (MS; N = 6), and multiple-injured (MI; N =
8). Naı̈ve rats were kept in the Uniformed Services University
(USU) animal facility for the duration of the study without
any manipulation. SS rats were transported once from USU
to Walter Reed Army Institute of Research (Silver Spring,
MD, USA) and anesthetized in an induction chamber for
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Figure 1. Arterial oxygen satu-
ration levels (%) (A and B) and
heart rates (beats per min) (C
and D) of SS, SI, MS and MI
rats. Measurements were ob-
tained under isoflurane anes-
thesia at baseline, immediately
following injury (5× for MI rats),
and at days 1, 3, 7, 14, 26, 36,
and 42 post injury. Data are pre-
sented as the mean ± SEM (*p
< 0.05, **p < 0.01, and ***p <

0.001 sham versus injured; ##p
< 0.01 SI versus MI).

6 min with 4% isoflurane (Forane; Baxter Healthcare Cor-
poration, Deerfield, IL, USA). MS rats were similarly trans-
ported and anesthetized once per day for 5 consecutive days.
SI and MI rats, weighing 300–330 g on injury day, under-
went the same pre-injury procedures as their respective sham
groups. SI and MI rats were then transferred to a compressed
air-driven shock tube and exposed to a single or repeated
(5 total administered on consecutive days) mild blast over-
pressure (average peak total pressure: ∼138 kPa) as described
in detail [6, 7]. Mortality was: SI = 3 and MI = 4. Following
the exposure(s), animals were transported back to the USU
animal facility.

Arterial blood oxygen saturation (%), heart rate (beats
per min), pulse distention (�m), and breath rate (breaths per
min) were noninvasively monitored under light isoflurane
anesthesia prior to injury (baseline), immediately after blast
(or sham) exposure, and at days 1, 3, 7, 14, 26, 36, and 42
post injury using the MouseOx R© Pulse Oximeter adopted
for rats (Starr Life Sciences, Oakmont, PA, USA) [8]. At the
termination of the experiment (day 42 post injury), rats (Naı̈ve
= 3, SS = 6, SI = 4, MS = 6, MI = 4) were deeply anesthetized
in a bell jar with isoflurane inhalant until a tail or toe pinch
produced no reflex movement. Blood was obtained by cardiac

puncture, and samples were promptly centrifuged at 10 000
rpm for 15 min at 4�C; the supernatants (plasma) were then
transferred into tubes, flash-frozen, and stored at −80�C until
processing for reverse phase protein microarray [5].

Sample preparation, printing, scanning, and data anal-
ysis for reverse phase protein microarray were performed
as described earlier in detail [9]. Primary antibodies were
diluted to 10× the optimal Western analysis concentra-
tion in antibody incubation buffer and used in the follow-
ing dilutions: 4-hydroxynonenal (HNE; 1:100) (Calbiochem,
393207), hypoxia-inducible factor-1� (HIF-1�; 1:20) (Santa
Cruz, sc-53546), ceruloplasmin (1:20) (GeneTex, GTX28813),
vascular endothelial growth factor (VEGF; 1:50) (Abcam,
ab53465), von Willebrand factor (vWF; 1:20) (Santa Cruz,
sc-8068), neurofilament-heavy chain (NF-H; 1:20) (Sigma–
Aldrich, N4142), glial fibrillary acidic protein (GFAP; 1:500)
(Abcam, ab7260), myelin basic protein (MBP; 1:20) (Santa
Cruz, sc-13914), matrix metalloproteinase 8 (MMP8; 1:20)
(Santa Cruz, sc-50384), formyl peptide receptor 1 (FPR1; 1:20)
(Santa Cruz, sc-13198), p38 mitogen-activated protein kinase
(p38; 1:20) (Cell Signaling Technology, 9212), chemokine
(C-C motif) receptor 5 (CCR5; 1:20) (GeneTex, GTX61751),
and toll-like receptor 9 (TLR9; 1:100) (Santa Cruz, sc-13218).
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Table 1. Oxidative stress and vascular biomarker levels in the plasma at 42 days post injury

Marker Group Mean ± SEM ANOVA Comparison of means

F-value p-value 2–3 (p) 4–5 (p) 3–5 (p)

4-Hydroxynonenal (HNE) Naı̈ve (1) 4.95 ± 0.17 7.89 0.000 − 0.39 − 0.48 − 0.03
SS (2) 4.97 ± 0.04 0.016 0.001 0.999
SI (3) 5.37 ± 0.12
MS (4) 4.91 ± 0.07
MI (5) 5.40 ± 0.05

Hypoxia-inducible factor-1� (HIF-1�) Naı̈ve (1) 4.10 ± 0.59 4.53 0.005 − 0.56 − 1.09 − 0.91
SS (2) 4.11 ± 0.17 0.474 0.023 0.137
SI (3) 4.67 ± 0.18
MS (4) 4.48 ± 0.18
MI (5) 5.58 ± 0.41

Ceruloplasmin Naı̈ve (1) 6.29 ± 0.08 10.87 0.000 − 0.41 − 0.51 − 0.06
SS (2) 6.23 ± 0.05 0.003 0.000 0.980
SI (3) 6.64 ± 0.08
MS (4) 6.20 ± 0.05
MI (5) 6.71 ± 0.12

Vascular endothelial growth factor (VEGF) Naı̈ve (1) 4.29 ± 0.05 6.27 0.001 − 0.32 − 0.59 − 0.21
SS (2) 4.36 ± 0.07 0.209 0.001 0.663
SI (3) 4.68 ± 0.04
MS (4) 4.30 ± 0.06
MI (5) 4.89 ± 0.19

von Willebrand Factor (vWF) Naı̈ve (1) 4.80 ± 0.09 22.74 0.000 − 0.60 − 0.63 − 0.07
SS (2) 4.74 ± 0.04 0.000 0.000 0.951
SI (3) 5.34 ± 0.06
MS (4) 4.78 ± 0.04
MI (5) 5.41 ± 0.13

Mean protein values of naı̈ve, SS, SI, MS and MI rats are log10. Tabulated results include the comparisons for blast injury, SS versus SI
(2–3) and MS versus MI (4–5), and for the number of blast events, SI versus MI (3–5). Significant differences in biomarker levels are
indicated in boldface.

Slides were incubated with the primary antibody solu-
tions overnight at 4�C, then washed and incubated with the
secondary antibodies Alexa Fluor R© 633 donkey antisheep
(A-21100), Alexa Fluor R© 635 goat antimouse (A-31574), Alexa
Fluor R© 647 goat antirabbit (A-21245), or rabbit antigoat Im-
munoglobulin G (A-21446) (Molecular Probes R©, Invitrogen)
at 1:6000 dilution in antibody incubation buffer for 1 h at
room temperature. Spot intensity data were imported into a
Microsoft Excel-based bioinformatics program for analysis.
The total amount of antigen is determined by the Y-axis in-
tercept, that is by extrapolating the regression line to zero;
reported protein values are log10 [9].

A total of 23 animals (Naı̈ve = 3, SS = 6, SI = 4, MS = 6,
MI = 4) were used for the statistical analyses. Student’s t-
test followed by a one-way ANOVA was used to analyze dif-
ferences in the measured physiological parameters between
injured groups and their respective sham groups at baseline,
immediately after injury (5 consecutive days for MI rats), and
days 1, 3, 7, 14, 26, 36, and 42 post injury. The SI and MI
groups were compared on injury day (first injury for MI rats
to correspond with SI rats) and each subsequent post injury
time point. Statistical significance was reported for blast in-
jury (SS versus SI and MS versys MI*) and for the number of
blast events (SI versus MI#). A p value of < 0.05 is depicted by

one special character, p < 0.01 by two, and p < 0.001 by three.
Differences in the mean protein biomarker levels measured
in plasma were analyzed with ANOVA followed by Tukey’s
HSD Test. All statistical analyses were performed using IBM
SPSS Statistics 20 software. Tests were two tailed using
� = 0.05; data are presented as the mean ± SEM.

Consistent with our previous findings, the exposure to
experimental manipulations alone (i.e. handling, transporta-
tion, and anesthesia) can elicit physiological changes as seen
in sham animals on the injury day(s) (Fig. 1A–D) [6]. For lo-
gistical reasons we were not able to measure the immediate
pre and post injury values of the selected physiological param-
eters, thus the extent and temporal pattern of acute changes
remain unknown. However, the restoration of O2 saturation
levels to pre-injury values within a day after a single blast ex-
posure (Fig. 1A) suggests that MI rats similarly recover after
each daily exposure (Fig. 1B).

Of the four physiological parameters, only arterial O2

saturation levels and heart rate changed significantly in re-
sponse to either type of injury; the detected changes were
transient over the length of the experiment (Fig. 1A–D). No
significant injury-induced changes (i.e. sham versus injured)
were measured in pulse distension and breath rate at any of
the time points (data not shown). Importantly, we did not
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Table 2. Neuronal, glial, and inflammatory biomarker levels in the plasma at 42 days post injury

Marker Group Mean ± SEM ANOVA Comparison of means

F-value p-value 2–3 (p) 4–5 (p) 3–5 (p)

Neurofilament-heavy chain (NF-H) Naı̈ve (1) 5.94 ± 0.06 6.29 0.001 − 0.37 − 0.24 0.06
SS (2) 5.83 ± 0.05 0.002 0.049 0.975
SI (3) 6.21 ± 0.13
MS (4) 5.90 ± 0.03
MI (5) 6.15 ± 0.04

Glial fibrillary acidic protein (GFAP) Naı̈ve (1) 2.55 ± 0.23 8.87 0.000 − 0.98 − 1.25 − 0.09
SS (2) 2.94 ± 0.16 0.038 0.000 0.999
SI (3) 3.92 ± 0.39
MS (4) 2.75 ± 0.14
MI (5) 4.01 ± 0.21

Myelin basic protein (MBP) Naı̈ve (1) 4.59 ± 0.14 6.45 0.001 − 0.63 − 0.7 − 0.12
SS (2) 4.64 ± 0.06 0.013 0.012 0.984
SI (3) 5.28 ± 0.24
MS (4) 4.70 ± 0.07
MI (5) 5.40 ± 0.15

Matrix metalloproteinase 8 (MMP8) Naı̈ve (1) 5.27 ± 0.10 3.24 0.022 − 0.12 − 0.27 − 0.12
SS (2) 5.25 ± 0.07 0.659 0.016 0.720
SI (3) 5.37 ± 0.04
MS (4) 5.21 ± 0.04
MI (5) 5.49 ± 0.07

Formyl peptide receptor 1 (FPR1) Naı̈ve (1) 4.96 ± 0.07 4.02 0.009 − 0.33 − 0.44 − 0.06
SS (2) 5.00 ± 0.06 0.175 0.034 0.996
SI (3) 5.34 ± 0.04
MS (4) 4.95 ± 0.05
MI (5) 5.39 ± 0.09

P38 mitogen-activated protein kinase (p38) Naı̈ve (1) 3.10 ± 0.22 5.26 0.002 − 0.56 − 0.73 − 0.02
SS (2) 2.97 ± 0.05 0.091 0.008 0.999
SI (3) 3.52 ± 0.15
MS (4) 2.80 ± 0.13
MI (5) 3.53 ± 0.12

Chemokine (C-C motif) receptor 5 (CCR5) Naı̈ve (1) 2.56 ± 0.12 5.08 0.003 − 0.85 − 0.48 0.41
SS (2) 3.05 ± 0.10 0.041 0.33 0.697
SI (3) 3.90 ± 0.11
MS (4) 3.01 ± 0.12
MI (5) 3.50 ± 0.07

Toll-like receptor 9 (TLR9) Naı̈ve (1) 4.00 ± 0.06 0.82 0.523 − 0.29 0.53 − 0.08
SS (2) 4.01 ± 0.39 0.987 0.876 0.999
SI (3) 4.30 ± 0.17
MS (4) 3.95 ± 0.74
MI (5) 4.38 ± 0.48

Mean protein values of naı̈ve, SS, SI, MS and MI rats are log10. Tabulated results include the comparisons for blast injury, SS versus SI
(2–3) and MS versus MI (4–5), and for the number of blast events, SI versus MI (3–5). Significant differences in biomarker levels are
indicated in boldface.

detect any lasting changes between SI and MI animals in any
of the measured vitals.

Forty-two days post injury, it appears that repeated ex-
posure to mild blast overpressure resulted in hypoxia and
oxidative stress as reflected in significantly increased plasma
levels of oxidative stress markers HNE, HIF-1�, and cerulo-
plasmin (Table 1). At this late time point, HNE and cerulo-
plasmin levels were also increased in SI animals albeit to a
lesser degree than in MI animals. These changes indicate a
potential role for hypoxia and oxidative stress in the patho-
biology of blast-induced TBI [10]. An increase in HNE levels

during periods of oxidative stress is due to an increase in
the lipid peroxidation chain reaction that affects a variety of
biological pathways, including the cell cycle and cellular ad-
hesion. Elevated ceruloplasmin levels are another indication
of oxidative stress triggered by hypoxia [11]. As well demon-
strated in stroke models, hypoxia can cause lasting increases
in HIF-1� levels [12]. HIF-1� plays a crucial role in the adap-
tive and restorative response of organisms following neuronal
insults (e.g. stroke and TBI) as it coordinates the expression
of numerous genes to cope with noxious conditions thus mit-
igating the effects of ischemic conditions.
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TBI also adversely affects several vascular functions in-
cluding blood brain barrier permeability [13]. VEGF along
with vWF is a key regulator of vascular permeability and
other endothelial functions [14,15]. The more robust increase
in VEGF levels in MI rats suggests that VEGF may be in-
volved in mediating the cumulative, more severe outcomes
of rmTBI (Table 1). While VEGF levels were only significantly
elevated at 42 days post injury in MI rats, vWF plasma levels
remained significantly elevated in response to both types of
injury. These findings implicate long-term alterations in en-
dothelial functions after TBI including increased blood brain
barrier permeability, which enables large molecules such as
neuron- and glia-specific proteins to cross into the systemic
circulation.

Consistent with our previous findings, even a single mild
blast exposure significantly increased NF-H, GFAP, and MBP
levels in the plasma (Table 2). Unlike the neuronal marker
NF-H, GFAP, and MBP concentrations were relatively higher
in MI animals than in SI animals as observed in the majority
of the tested protein markers. Increased NF-H and MBP con-
centrations reflect damage to axons and their myelin sheaths
as a result of the physical forces of the blast. Damage to axons
and white matter tracts have been identified both clinically
and experimentally as hallmarks of blast TBI along with dam-
age to astroglia reflected in increased GFAP levels [16, 17].

Of the markers associated with various aspects of in-
flammation, MMP8, FPR1, and p38 were only elevated in MI
animals suggesting greater damage accumulation and/or a
more severe outcome in rmTBI. Given the role of these mark-
ers in the mediation of the neuroinflammatory process in sev-
eral central nervous system disorders [18], it is not surprising
that rmTBIs increase the risk for debilitating conditions like
chronic traumatic encephalopathy. At this late time point,
CCR5 levels were significantly elevated in SI animals alone
while TLR9 was relatively unchanged in both injured groups.
A potential explanation for the insignificant CCR5 response
in MI rats is the late sampling time after injury. This can
also account for the insignificant TLR9 levels in both injured
groups due to the protein’s rapid elevation and decline after
injury.

In conclusion, the exposure to single and repeated mild
blast at this frequency of insults triggers lasting changes in
the form of oxidative stress, vascular abnormalities, and neu-
ronal and glial cell damage/death. The chronic nature of these
changes is particularly important considering that a rat week
is the equivalent of 6–8 human months. However, we found
no increase in the magnitude of the cumulative effect at this
late time point suggesting that the frequency of the repetitive
insults plays a critical role in determining the extent of the
damage accumulation in rmTBI.
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Abstract 

 

Chemokines and their receptors are of great interest within the milieu of immune responses 

elicited in CNS in response to trauma. Chemokine ligand 2 (CCL2), which is also known as 

monocyte chemotactic protein-1 (MCP-1), has been implicated in the pathogenesis of traumatic 

brain injury,  brain ischemia, Alzheimer’s disease and other neurodegenerative diseases. In this 

study, we investigated the time-course of CCL2 accumulation in cerebrospinal fluid (CSF) 

following exposures to single and repeated blast overpressures of varied intensities along with 

the neuropathological changes and motor deficits resulting from these blast conditions.  

Significantly increased concentrations of CCL2 in CSF were evident by one hour of blast 

exposure and persisted over 24 hrs with peak levels measured at 6 hrs post-injury. The increased 

levels of CCL2 in CSF corresponded with both the number and the intensities of blast 

overpressure and were also commensurate with the extent of neuro-motor impairment and 

neuropathological abnormalities resulting from these exposures. CCL2 levels in CSF and in 

plasma were tightly correlated with the levels of CCL2 mRNA in cerebellum, the brain region 

most consistently neuropathologically disrupted by blast.  In view of the roles of CCL2 that have 

been implicated in multiple neurodegenerative disorders, it is likely that the sustained high levels 

of CCL2 and the increased expression of its main receptor CCR2 in the brain after blast may 

similarly contribute to neurodegenerative processes after blast exposure. In addition, the 

markedly elevated concentration of CCL2 in CSF might be a candidate early-response biomarker 

for diagnosis and prognosis of blast-induced traumatic brain injury.    

 

Key words: Blast-induced neurotrauma; cerebrospinal fluid; biomarker; chemokines; CCL2  
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Introduction 

 

Blast-induced traumatic brain injury (bTBI) can occur over a wide range of severities as a 

result of both combat operations and terrorist bombings. The clinical presentation and 

pathophysiological sequelae are varied and multifaceted
1
, and classification criteria

2, 3
, 

particularly for mild TBI, presently lack consensus definition. In the absence of clear and widely 

accepted objective criteria for assessments of mild TBI, current diagnoses often rely on self-

reported symptoms. To date, mild TBI is difficult to diagnose early by clinical examination and 

standard neuroimaging techniques. Moreover, no effective treatment strategies have been 

developed for bTBI even though brain injury resulting from blast exposure has been postulated 

to predispose victims to post-concussive symptoms, post-traumatic stress disorders and/or 

chronic traumatic encephalopathy (CTE)
4-8

 . Identification of reliable biomarker(s) and 

pathophysiological mediators has been widely pursued as a means to achieve more precise 

diagnosis and therapeutic countermeasures for bTBI
9-11

 .  

Induction of inflammatory processes has long been recognized to be among the first responses 

of the body to a localized injury. Neuroinflammation is prominently involved in acute and 

chronic neuropathological conditions
12

, and TBI-induced neuroinflammatory responses are now 

recognized as critical steps in the development of  a variety of brain diseases
13, 14

.  Inflammation 

is mediated by cytokines and eicosanoids which are released predominantly from injured tissue 

and from accumulated macrophages and contribute to both secondary tissue damage and repair
15

.  

Chemokines are a family of small cytokines that are chemoattractants for leukocytes and guide 

the directional migration of monocytes, neutrophils and other effector cells to the site of tissue 

damage.  In particular, the chemokine ligand 2 (CCL2), also known as monocyte chemotactic 
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protein-1 (MCP-1), is secreted by leukocytes in the blood and is also produced by astrocytes, 

microglia and neurons in the brain. It is involved in cellular migration and intercellular 

communication through interactions with glycol-protein receptors coupled to a G protein 

signaling pathway. Its pattern of neuroanatomical localization and co-distribution with 

neurotransmitters and neuroregulatory peptides has prompted speculation that CCL2 might act as 

a modulator of neuronal activity and neuroendocrine function
16

. CCL2 has also been shown to 

act as a key factor in both the initiation and maintenance of neuroinflammation in the spinal cord 

after peripheral nerve injury
17

, and has been strongly implicated in the pathogenesis of brain 

ischemia
18

, autoimmune encephalomyelitis 
19

, epilepsy
20

, traumatic brain injury
21-29

, and 

neurodegenerative diseases
30-32

.  Notably, Semple et al.
22

 detected > 20-fold immediate 

elevations in CCL2 in the CSF of severe TBI patients which although diminished, persisted for 

10 days post-trauma
22

. They additionally found transiently increased levels of CCL2 in the 

cortices of mice subjected to closed head injury (with peak levels by 4 to 12 hrs) and established 

that the absence of CCL2 in CCL2-/- mice was associated with improved neurological recovery 

and a delayed reduction in lesion volume, macrophage accumulation, and astrogliosis, pointing 

to a potentially important role of CCL2 as both a biomarker and a mediator of acute secondary 

brain degeneration after trauma.   

In addition to its role as a mediator of acute neurotrauma,  CCL2 has also been implicated in 

chronic neurodegenerative disorders
31-35

, and may potentially serve as a link between the former 

and the latter with CSF CCL2 levels providing diagnostic insights.   For example, Westin et al. 

found that in patients with prodromal Alzheimer’s disease (AD), CCL2 levels in CSF correlate 

with a faster cognitive decline observed during follow-up,
35

 suggesting that CCL2 in CSF may 

have predictive diagnostic utility of AD-related pathology, and that CCL2-related signaling 
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pathways might provide therapeutic targets to counter progression of this and perhaps other 

neurodegenerative disorders.  In the present study, we used a well-defined bTBI model in rats to 

determine the acute changes in CCL2 levels in the brain, CSF and plasma following blast 

exposure(s) and assessed its association with the acute functional disruptions and pathological 

changes resulting from these traumatic insults.  

 

 

Material and methods 

 

Animal and blast injury  

 

All animal experiments were conducted in an AAALACi accredited facility in compliance 

with the Animal Welfare Act and other federal statutes and regulations relating to animals and 

experiments involving animals and adheres to principles stated in the Guide for the Care and 

Use of Laboratory Animals, NRC Publication, 2011 edition. Male Sprague Dawley rats, 

weighing 325-350 g at 8-10 weeks of age (Charles River Laboratories, Inc, MD), were housed at 

20 - 22°C (12 h light/dark cycle) with free access to food and water ad libitum. After 4% 

isoflurane gas anesthesia in an induction chamber for 8 min (O2 flow rate 1.5L/min), rats were 

immediately tautly secured in a transverse prone position 2.5 ft within the mouth of a 1 ft 

diameter compressed air-driven shock tube with the right side of the animal facing the oncoming 

shockwave. Animals were exposed to a single blast at a peak total pressure of 12 psi (83 KPa, 

single low-level blast, SLB) or 19 psi (131 KPa, single high-level blast, SHB) or were exposed to 

closely coupled repeated 19 psi blasts separated by a 1 min interval (double high-level blast, 

DHB).  All BOPs had an 8 - 9 msec. positive phase duration. Sham control animals were 
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included in all individual experiments and were treated in the same fashion without exposure to 

blast waves.  

 

Biosamples preparation 

 

Blood, CSF and brain tissue samples were collected at different times (1 hr, 6 hrs, 24 hrs, and 

7 days) post-blast. Blood was collected under isoflurane anesthesia by cardiac puncture and 

plasma was separated immediately by centrifugation at 1000 rpm for 10 min. For cerebrospinal 

fluid (CSF) collection, isoflurane-anesthetized rats were secured in a stereotaxic frame (Stoelting 

Inc) and after a midline incision; the cervico-spinal muscle was separated to expose the atlanto-

ocipital membrane. CSF was removed using a needle puncture of the atlanto-occipital 

membrane. Tissue protein extraction was carried out by homogenizing brains in tissue protein 

extraction reagent (T-PER, Thermo Fisher Scientific, Rockford, IL) containing protease and 

phosphatase inhibitors (Sigma-Aldrich, St. Louis, MO) using an ultrasonic homogenizer. The 

homogenate was centrifuged at 17700 ×g for 15 min at 4°C and the supernatant was collected 

and stored at -80°C. 

 

Enzyme-Linked Immunosorbent Assay (ELISA) 

  

CCL2 concentrations in plasma, CSF and homogenate supernatant of brain tissue were 

determined using ELISA kits (Thermo Scientic Inc. Rockford, IL) in accordance with the 

manufacturer's instructions. All samples were assayed in duplicates. Standards and control 

samples were run simultaneously for validation. 
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RNA extraction and PCR analyses 

 

Total RNA from brain tissue was isolated using QUAzol reagent and purified using RNeasy 

kit after being treated with DNase according to the manufacturer’s instructions (QIAGEN, 

Valencia, CA). Equal amount (1 µg) of RNA from each sample was reverse transcribed using the 

RT² first-strand kit (QIAGEN, Valencia, CA). The custom RT² profiler PCR array was employed 

and the cDNA was amplified with the RT² SYBR Green ROX qPCR Mastermix on ABI 7500 

Fast real-time PCR system (Thermofisher scientific, Carlsbad, CA). The RT² qPCR primer assay 

was used for verification of relative gene expression.  

 

Histopathology 

 

Rats were anesthetized with isoflurane and perfused transcardially with saline followed by 4% 

paraformaldehyde (PFA). After 6 hrs of further immersion fixation in PFA, the brain was 

cryoprotected with 20% sucrose for 72 hours and rapidly frozen in isopentane pre-cooled to 

−70°C with dry ice. Serial coronal sections (50 µm) were cut from the cerebrum and brain 

stem/cerebellum (Bregma 2.68 mm to -4.84 mm and Bregma -5.68 mm to -6.40 mm, 

respectively), immersed in 4% PFA for 5 days, and then processed using the FD Neurosilver
TM

 

kit II (FD NeuroTechologies, Ellicott City, MD). Brain sectioning and silver staining were 

performed by FD NeuroTechnologies. Silver stained sections were scored based on relative 

visible intensity of silver precipitates by an experienced, blinded neuropathologist using a bright 

field microscope. Scores were assigned from 1 to 4 on a rank scale to indicate an increasing 

severity of axonal degeneration.  
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Rotarod testing 

   

The Rotamex-5 rotarod apparatus (Columbus Instruments, Columbus, OH) was used to assess 

motor coordination and balance. A fixed-speed training regimen was conducted at10 and 20 rpm 

with 120 sec/trial and 3 trials per day for each fixed-speed.  Rats were trained for 4 consecutive 

days followed by a 2-day break and then received 1 additional day of training. The baseline 

testing was recorded on the day of blast exposure, and the testing paradigm was the same as that 

used for training.  Rats failing to establish a ≥ 60 sec baseline runtime were excluded.   

 

Statistical analysis 

 

Statistical analyses were performed using GraphPad Prism 6 software (GraphPad Software 

Inc., San Diego, CA). Data were analyzed using Student’s t-test or repeated measures ANOVA. 

For multiple comparisons, following ANOVA significant differences among treatment groups 

were identified using Tukey’s multiple comparison tests.   Differences were considered to be 

significant at the level p less than 0.05 and values are expressed as the mean ± standard error.  

 

Results:  

 

Blast exposure impaired motor coordination 

 

Rats with baseline performances over 60 seconds with both 10 and 20 rpm fixed speeds on the 

rotarod were randomly assigned to the DHB, SHB and sham treatment groups. Runtimes 

(latencies to fall) and % change in runtimes relative to baseline performance for each rat were 
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analyzed by one-way ANOVA with Tukey’s multiple comparison.  At 10 rpm (FIG. 1A and 1B), 

DHB rats’ runtimes and % changes in runtimes were significantly different from those of sham 

controls at 1 and 2 days post-injury. Compared to SHB, DHB rats presented a significant 

decrease in % changes in runtimes at 1 day post-injury. At 20 rpm (FIG. 1C and 1D), DHB rats 

displayed significantly reduced runtimes  (e.g. 31.7 ± 11.3 sec at 24 hrs post-injury) and greater 

% changes in runtime from baseline (e.g. – 71.1 ± 9.1% at 24 hrs post-injury) compared to the 

values recorded for both SHB (71.3 ± 10.9 sec., - 27.9 ± 8.3%) and sham controls (87.2 ± 5.4 

sec., - 8.7 ± 4.6%). The changes persisted through 7 days post-injury. The % changes in runtimes 

in SHB rats were also significantly different from shams on each test date through 7 days post-

injury. 

 

Blast exposure induced axonal degeneration 

 

The extent of axonal degeneration after blast exposure was determined by silver staining and 

scored by a blinded neuropathologist, with higher scores reflecting increasing severities of 

axonal degeneration. Our previous studies consistently showed that blast-induced axonal 

degeneration was particularly pronounced in cerebellum compared to other brain regions
36, 37

. In 

the present study, the greatest axonal degeneration was again observed in the cerebellar white 

matter at 7 days post-BOP (FIG. 2A). Double blast exposures resulted in a significant increase in 

axonal degeneration relative to that seen after a single blast exposure (p < 0.01, FIG. 2B). 

 

CCL2 levels in CSF increased following blast injury 
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Figure 3A illustrates the CSF concentrations of CCL2 at 1 hr, 6 hrs, 24 hrs and 7 days after 

blast exposure(s).  These data show that CCL2 levels in CSF were significantly elevated by 1 hr 

and remained increased up to 24 hrs after double blast exposures, with the greatest CCL2 

concentrations measured at 6 hrs post-injury. At 6 hrs after DHB exposure, the levels of CCL2 

were significantly higher than at 1 h post exposure.  In order to address whether the magnitude of 

the CSF CCL2 changes is injury severity-dependent, we exposed rats to a single blast with 12 psi 

(SLB) or 19 psi (SHB) peak total pressure or a double blast (DHB) with 19 psi peak total 

pressures and measured CCL2 levels at 6 hrs post-insult.  Compared to sham controls, CCL2 

levels in the CSF were significantly increased after SLB, SHB, and DHB (FIG. 3B). The CCL2 

concentrations in CSF following SHB were significantly greater than following SLB, and the 

elevated CCL2 concentrations elicited by DHB were significantly greater than measured in all 

other treatment groups.  

 

CCL2 levels in the plasma increased after blast exposure 

 

Plasma CCL2 were unchanged following exposure to a single 12 psi blast overpressure 

(SLB). In contrast, plasma CCL2 levels increased dramatically at 6 hrs post-insult in the 19 psi 

single blast (SHB) and double (DHB) exposed groups and were significantly different from 

CCL2 levels measured in both sham and SLB rats (FIG. 4A). The time-course of changes in 

plasma CCL2 after SHB and DHB reveals a peak elevation around 6 hrs post-exposure (FIG. 

4B). There was no difference between the plasma CCL2 levels measured in the DHB and SHB 

treatment groups at any time point studied.  

 

The increase in CCL2 in the CSF after blast exposure was greater than that in plasma 
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Comparison of the relative increases in CCL2 in the CSF and plasma after DHB reveal that 

the changes in CCL2 after repeated blasts persisted longer and were considerably greater in CSF 

than in plasma (FIG. 5A). Specifically, the fold changes of CCL2 in the CSF at 1 hr, 6 hrs and 24 

hrs post-double exposures were 8.70 ± 1.32, 16.49 ± 2.27 and 11.35 ± 2.89, respectively, while 

in the plasma at these times the fold changes were 1.73 ± 0.23, 2.00 ± 0.17 and 1.24 ± 0.23, 

respectively. The data also showed a positive correlation between CCL2 levels in CSF and 

plasma (FIG. 5B, Pearson’s r = 0.76, p < 0.0002). When compared to sham, the ratio of 

CSF/plasma CCL2 showed no significant change in rats exposed to 12 psi single blast. In 

contrast, after exposure to a 19 psi single blast (FIG. 5C) the ratio increased significantly at 6 hrs 

and 24 hrs.  Furthermore, rats exposed to double 19 psi BOP had significantly greater 

CSF/plasma CCL2 ratios at both 6 hrs and 24 hrs post-injury compared to the other experimental 

groups.  

 

Up-regulation of CCL2 in the cerebellum after blast exposure 

 

Compared to the sham controls (FIG. 6), CCL2 protein levels increased significantly at 6 hrs 

and 24 hrs after SHB. DHB elicited significantly higher levels of CCL2 in the cerebellum than 

SHB at 6 hrs post-injury, and these increases persisted at 24 hrs and 3 day after DHB.   

 

Expressions of CCL2 and CCR2 genes increased after blast exposure  

 

We further examined the changes in mRNA levels of CCL2 and its main receptor CCR2 in 

the cerebellum after DHB. Total RNA isolated from the cerebellum was subjected to RT² qPCR 

primer assay. Compared to sham controls, exposure to DHB resulted in higher levels of CCL2 
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mRNA in the cerebellum at 6 hrs and 7 d post-injury (FIG.7). The blast-induced increase in 

CCL2 gene expression was greater at 6 hrs than at 7 d post-injury. Compared to sham controls, 

the expression of CCR2 mRNA also increased significantly at 6 hr after DHB.  

To determine an association between CCL2 protein in CSF or plasma and CCL2 gene 

expression in the brain tissue, we performed a statistical analysis on paired data from 20 animals. 

The ∆Ct-method, calculating a difference in threshold cycle between the target and house keep 

genes was used to quantify gene expression
38

. The results revealed a strong negative correlation 

(inverse relationship) between the ∆Ct value of CCL2 mRNA in the cerebellum and CCL2 

protein in CSF (FIG. 8A, Pearson r = -0.86, p < 0.0001) or in plasma (FIG. 8B, Pearson r = -

0.76, p < 0.001), respectively. These data indicate that blast-induced elevations in CCL2 gene 

expression in brain cells may contribute to the increased CCL2 protein in CSF. 

 

 

Discussion 

The primary clinical indicators of TBI and its severity are the Glasgow Coma Scale (GCS), 

pupil reactivity, and conventional neuroimaging including head computed axial tomography 

(CAT) and magnetic resonance imaging (MRI)
39, 40

. Unfortunately, these outcome measures are 

typically insensitive to diffuse axonal injury and mild TBI. Although advanced structural 

neuroimaging techniques have been explored as more sensitive quantitative measures of 

abnormalities in the brain related to TBI, they are still under investigation to substantiate the 

clinical relevance in individual patients
41, 42

.  Over the past decade, molecular biomarkers derived 

from acute neuronal, axonal, glial and endothelial injuries that can be measured in bio-fluids (e.g. 

CSF and blood) have received considerable attention as promising candidates for diagnosis and 
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prognosis of traumatic brain injury. Although numerous candidate biomarkers of structural 

damage such as NF-L, MAP2, UCHL1, GFAP and S100B have been identified and investigated, 

most are hampered by low specificity and/or sensitivity when used individually
42-46

.  Biomarkers 

of secondary and reparative processes such as IL-6, IL-1β, IL-8 and TNFα have also been  

evaluated in animal studies
47

 and in clinical trials
48

, but verification and validation of their utility, 

particularly for mild TBI, remains a sizeable obstacle.   

The major challenges confronted in the exploration of biomarkers for blast-induced TBI 

include the development of fidelic, reliable, and predictive mild TBI animal models and the 

establishment of ‘high throughput’ biomarker detection methods. In previous studies, we have 

characterized neuropathological, neurobehavioral, and neurochemical features of mouse and rat 

models of bTBI using single and tightly coupled repetitive blast overpressure wave exposures 

within a compressed air driven shock tube
36, 37, 49

. Along with others
50, 51

, we have observed 

neuropathological features that closely correspond to neuroimaging findings described in patients 

with blast-related mTBIs
50, 52

.  In particular, cerebellar white matter abnormalities and cerebellar 

dysfunction described in combat veterans parallel the consistent fiber degeneration and Purkinje 

cell loss observed in these rodent preclinical models
50, 51

.  Using voxelwise analysis of diffusion 

tensor imaging to quantify white matter injury, we further observed a pronounced increase in 

microstructural damage with a closely coupled second blast exposure.  This was particularly 

prominent in the cerebellum and suggests that primary bTBI may sensitize the brain to 

subsequent insult from either blast or impact acceleration
37

.  In the present study, we have further 

evaluated the effects of single and closely coupled repeated blast exposures on the levels of 

CCL2 in the CSF, plasma, and brain and determined their association with neurobehavioral and 

neuroanatomical outcomes. These blast-induced disruptions were preceded by significant acute 
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increases in levels of CCL2 in CSF and brain tissue extracts which corresponded with the 

number and intensities of blast overpressure exposures and were also commensurate with the 

eventual extent of neuro-motor impairment and neuropathological abnormalities resulting from 

these exposures. Tightly coupled repeated blast exposures, which caused appreciably greater 

functional deficits and neuropathological and biochemical changes than a single blast of identical 

intensity, caused similarly significantly greater elevations of CCL2 in both CSF and brain tissue. 

The changes in CCL2 in CSF and in plasma correlated with the levels of CCL2 mRNA in 

cerebellum, which as noted above is the brain region most consistently and severely 

neuropathologically disrupted by repeated blast.  Although clearly these findings do not reveal a 

causal involvement of CCL2 in the injury mechanisms triggered by BOP, they nevertheless point 

to this possibility as well as the utility of further consideration of CCL2 as a biomarker for these 

events. 

Chemokines and their receptors are essential for brain development and the maintenance of 

homeostasis in the CNS. In the MCP family, CCL2 is the most potent at activating signal 

transduction leading to monocyte transmigration
53

.  CCL2 has been suggested to be a biomarker 

for acute kidney damage and other autoimmune diseases
54, 55

 and also has been identified as an 

important mediator of the initiation and maintenance of pain hypersensitivity
56-58

. The sustained 

elevation of CCL2 levels in the CSF of patients with severe TBI for 10 days post-injury further 

points to the potential utility of CSF levels of CCL2 as a diagnostic and prognostic marker of 

brain injury
22

.  In the present study, we have demonstrated that changes in CSF CCL2 levels 

corresponded with the relative severity of the blast overpressure injuries. Since CCL2 mRNA 

and protein expression increased substantially in the brain acutely after blast injury, the 

concomitant sizeable acute spikes in CCL2 concentrations in the CSF likely originated in the 
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brain, even though possible minor contributions from the circulation due to leakage across the 

blast-damaged blood-brain barrier (BBB) cannot be completely ruled out.  

In a recent series of studies, a brain-wide network of of paravascular channels, known as the 

glymphatic system, has been shown to be responsible for the clearance of interstitial solutes from 

the brain and is principally responsible for the transport of biomarkers to the blood via the 

cervical lymphatics
59, 60

.  Glymphatic activity is impaired after TBI
59

, which potentially 

confounds biomarker appearance in the circulation and consequently compromises the clinical 

utility of blood-based biomarkers to objectively and consistently predict the severity of injury.  

In addition, TBI-induced impairment of glymphatic function has also been shown to be a key 

factor contributing to the aberrant accumulation of phosphorylated tau after TBI, promoting tau 

aggregation and the onset of neurodegeneration
59

.  Since elevated CCL2 levels were significantly 

greater at 6 hrs than at 1 hr post-injury, it would appear that CCL2 production and release in the 

brain increased subsequent to the primary blast insult. The elevated CSF CCL2 levels, which 

corresponded with the magnitude of motor coordination impairment, persisted longer than did 

the CCL2 elevations in plasma and might thus have greater utility as an early-response 

biomarker for diagnosis and prognosis of blast-induced brain injuries than measurements taken 

from the circulation.  

CCL2 is one of a number of brain chemokines that have been extensively evaluated after 

various forms of experimental TBI, including FPI
27, 28

, CCI
25, 29

, blast and head-only blast 

exposure
21, 23

, and weight drop
22

.  Semple et al. reported that CCL2 levels increased rapidly in 

the cerebral cortices of mice subjected to weight drop closed head injury, with a maximum 40-

fold increase at 4 to 12 hr and a return to near normal levels by 24 hr post-trauma
22

. A similar 

temporal pattern of CCL2 change was recorded in the cerebellum after a single blast exposure in 
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the current study and in the CSF after single and double blast exposures.  In contrast, 

significantly greater increases in CCL2 in the cerebellum after double blast exposure persisted 

through 3 days postinjury.  It is noteworthy that head-only exposure of rats to blast overpressure 

transiently altered the expression of several brain cytokines and chemokines which, with the 

exception of macrophage inflammatory protein-1α, returned to baseline levels by 24 hrs 

postinjury, confirming that these changes in the CNS can occur independently of systemic injury 

responses
21

.   

In addition to measuring CCL2, we investigated the stability of CCL2 protein and sensitivity 

of the ELISA kit. We did not find a significant difference in measurements among the samples 

which were stored in -20 °C, 4 °C and room temperature (data are not shown), indicating a high 

stability of CCL2 protein. ELISA detection of CCL2 requires only 4 µl of CSF or 2 µl of plasma 

and is reliable and reproducible. 

Recent studies on glia-neuron cross talk show that astrocyte-derived CCL2 is an important 

immediate mediator of neuroprotection against excitotoxicity
61

. Although this immediate 

inflammatory response following primary injury to the brain initially provides a 

restorative/reparative function, it can persist beyond its beneficial effect and potentially lead to 

secondary injuries involving alterations in neuronal excitability, axonal integrity, central 

processing, and other changes stemming from a cytokine storm. These protracted biochemical 

changes following the insult reflect progressive and potentially reversible molecular and cellular 

pathophysiological mechanisms, including chemokine-mediated accumulation of inflammatory 

cells in the brain parenchyma, which appears to play a crucial role in the pathogenesis of 

traumatic injuries
15

 and in the evolution of neuroinflammatory diseases
22, 34, 35

.  For decades, TBI 

has been linked to Alzheimer’s disease and new data suggest important additional links between 
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neurotrauma and other neurodegenerative diseases including Parkinson’s disease, amyotrophic 

lateral sclerosis, multiple sclerosis, and Huntington’s disease
62-64

.  As these studies expand to 

explore neurodegeneration and/or neurorestoration after blast TBI, CCL2 warrants consideration 

as part of the neurobiological linkage.  

 

 

Conclusion 

 

Cytokines have both beneficial and detrimental effects in the injured brain, contributing to 

the facilitation of neural regeneration and also to secondary brain damage through 

neuroinflammatory processes. Chemokines and their receptors are of particular interest in the 

CNS in response to brain injuries. Acute increase in CCL2 expression in the brain and associated 

elevation in the CSF suggested that the CCL2 levels in the CSF can be used as a biomarker of 

bTBI. Since the whole body is exposed to blast, plasma CCL2 levels can be more appropriately 

considered alone as an indicator for blast-induced polytrauma. Paralleling its proposed roles in 

other neurodegenerative disorders, sustained high levels of CCL2 and increases in its receptor 

expression in the CNS after blast may contribute to neurodegenerative processes including 

chronic traumatic encephalopathy, and therefore should be recognized as a potentially important 

target for therapeutic drug intervention.Thus chemokine ligands and receptors may be targets for 

immunomodulatory therapy against bTBI. 
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Figure Legends: 

 

FIG. 1. Rat’s performance on the rotarod. (A) Latency to fall on the fixed-speed of 10 rpm 

testing, (B) Change in latency to fall on the fixed-speed of 10 rpm testing, (C) Latency to fall on 

the fixed-speed of 20 rpm testing, (D) Change in latency to fall on the fixed-speed of 20 rpm 

testing. Data are shown as mean ± SEM. One-way ANOVA with Tukey’s multiple comparison 

was used (n = 10 for each group). DHB or SHB vs. Sham *p < 0.05, **p < 0.01, ***p < 0.005, 

****p < 0.001; DHB vs. SHB 
#
p <0.05 and 

##
p < 0.01. 

 

FIG. 2. Silver staining showing axonal degeneration induced by blast exposure.  At 7 - 9 days 

after single blast (b, e and h), double blast (c, f and i) exposures and sham controls (a, d and g), 

rat’s brain sections (50 µm) were stained with Neurosilver kit and the images were taken using 

Ax-80 microscope.  (A) Compared to the sham controls, blast injured rats showed dense 

precipitation in the white matter of cerebellum (a, b and c), brainstem (d, e and f) and optic tract 

(g, h and i), scale bar = 100 µm. (B) Brain injury scores were determined as a mean from 5 

different fields of each section and 5 serial brain sections for each animal. Values are expressed 

as mean ± SEM. n = 6 - 11, * p < 0.05, ** p < 0.01, ***p < 0.005 and ****p < 0.001. 

 

FIG. 3. Effect of blast exposure on CCL2 levels in the CSF. (A) time-course of increase in CCL2 

levels in DHB and sham controls, (B) at 6 hrs post insult, CSF CCL2 concentrations among three 

experimental groups and sham controls.  Data are shown as mean ± SEM. data were analyzed by 

One-way ANOVA with Tukey’s multiple comparisons. Sham n = 12 and other experimental 

groups n = 8, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001.  
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FIG. 4. Effect of blast exposure on CCL2 plasma levels. (A) At 6 hrs post-injury, correlation of 

plasma CCL2 to blast overpressure, (B) time-course of plasma CCL2 levels in DHB, SHB and 

sham controls. Data are shown as mean ± SEM. One-way ANOVA with Tukey’s multiple 

comparison were used. Sham n = 12 and other experimental groups n = 8, *p < 0.05, **p < 0.01, 

***p < 0.005, ****p < 0.0001. 

 

FIG. 5 Comparison of CCL2 concentration in CSF and plasma. (A) Double blast-induced time-

course  change in CCL2 expression in CSF and plasma, (B)  Correlation between CSF CCL2 and 

plasma CCL2, (C) The change in ratio of CCL2 in CSF/plasma at 6 hrs and 24 hrs after 

overpressure exposure;  Sham n = 12 and other  experimental groups n = 8. Data were analyzed 

by one-way ANOVA with Tukey’s multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.005, 

****p < 0.0001. 

 

FIG. 6. Blast-induced up-regulation of CCL2 protein in the cerebellum.  Values are expressed as 

mean ± sem for each group. The student’s t test and one-way ANOVA with Tukey’s multiple 

comparisons test were carried out for statistical analysis (n = 8); *p < 0.05, **p < 0.01 and ***p 

< 0.005, ****
 
p < 0.001. 

 

FIG. 7. RT-qPCR analysis showing the effect of blast exposure on the expressions of CCL2 and 

CCR2 genes in cerebellum. The mRNA levels are presented as a fold change relative to sham 

control. Statistical analysis was carried out by one-way ANOVA followed by Tukey’s multiple 

comparisons, n = 8, *p < 0.05 and **p < 0.01. 
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FIG 8. Association between CCL2 level in CSF or plasma and CCL2 gene expression in the 

cerebellum. ∆Ct is the difference after subtracting Ct of actin mRNA from the Ct of CCL2 

mRNA in the same sample to normalize for variation in the amount. (A) Correlation between 

CSF CCL2 and cerebellum CCL2 mRNA, n = 20, Pearson r = -0.86, p < 0.0001; (B) Correlation 

between plasma CCL2 and cerebellum CCL2 mRNA, n = 20, Pearson r = -0.76, p < 0.001. 
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FIG. 1. Rat’s performance on the rotarod. (A) Latency to fall on the fixed-speed of 10 rpm testing, (B) 
Change in latency to fall on the fixed-speed of 10 rpm testing, (C) Latency to fall on the fixed-speed of 20 
rpm testing, (D) Change in latency to fall on the fixed-speed of 20 rpm testing. Data are shown as mean ± 

SEM. One-way ANOVA with Tukey’s multiple comparison was used (n = 10 for each group). DHB or SHB vs. 
Sham *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001; DHB vs. SHB #p <0.05 and ##p < 0.01.  
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FIG. 2. Silver staining showing axonal degeneration induced by blast exposure.  At 7 - 9 days after single 
blast (b, e and h), double blast (c, f and i) exposures and sham controls (a, d and g), rat’s brain sections 

(50 µm) were stained with Neurosilver kit and the images were taken using Ax-80 microscope.  (A) 
Compared to the sham controls, blast injured rats showed dense precipitation in the white matter of 

cerebellum (a, b and c), brainstem (d, e and f) and optic tract (g, h and i), scale bar = 100 µm.  
101x77mm (300 x 300 DPI)  
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FIG. 2. Silver staining showing axonal degeneration induced by blast exposure. (B) Brain injury scores were 
determined as a mean from 5 different fields of each section and 5 serial brain sections for each animal. 
Values are expressed as mean ± SEM. n = 6 - 11, * p < 0.05, ** p < 0.01, ***p < 0.005 and ****p < 

0.001.  
72x59mm (300 x 300 DPI)  
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FIG. 3. Effect of blast exposure on CCL2 levels in the CSF. (A) time-course of increase in CCL2 levels in DHB 
and sham controls, (B) at 6 hrs post insult, CSF CCL2 concentrations among three experimental groups and 
sham controls.  Data are shown as mean ± SEM. data were analyzed by One-way ANOVA with Tukey’s 

multiple comparisons. Sham n = 12 and other  experimental groups n = 8, *p < 0.05, **p < 0.01, ***p < 
0.005, ****p < 0.0001.  
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FIG. 4. Effect of blast exposure on CCL2 expression in plasma. (A) At 6 hrs post-injury, correlation of plasma 
CCL2 to blast overpressure, (B) time-course of plasma CCL2 levels in DHB, SHB and sham controls. Data are 

shown as mean ± SEM. One-way ANOVA with Tukey’s multiple comparison were used. Sham n = 12 and 

other experimental groups n = 8, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001.  
91x48mm (300 x 300 DPI)  
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FIG. 5 Comparison of CCL2 concentration in CSF and plasma. (A) Double blast-induced time-course  change 
in CCL2 expression in CSF and plasma, (B)  Correlation between CSF CCL2 and plasma CCL2, (C) The 

change in ratio of CCL2 in CSF/plasma at 6 hrs and 24 hrs after overpressure exposure;  Sham n = 12 and 

other  experimental groups n = 8. Data were analyzed by one-way ANOVA with Tukey’s multiple 
comparisons. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001.  

91x98mm (300 x 300 DPI)  
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FIG. 6. Blast-induced up-regulation of CCL2 protein in the cerebellum.  Values are expressed as mean ± 
sem for each group. The student’s t test and one-way ANOVA with Tukey’s multiple comparisons test were 
carried out for statistical analysis (n = 8); *p < 0.05, **p < 0.01 and ***p < 0.005, **** p < 0.001.  
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FIG. 7. RT-qPCR analysis showing the effect of blast exposure on the expressions of CCL2 and CCR2 genes 
in cerebellum. The mRNA levels are presented as a fold change relative to sham control. Statistical analysis 
was carried out by one-way ANOVA followed by Tukey’s multiple comparisons, n = 8, *p < 0.05 and **p < 

0.01.  
54x56mm (300 x 300 DPI)  
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FIG 8. Association between CCL2 level in CSF or plasma and CCL2 gene expression in cerebellum. ∆Ct is the 
difference after subtracting Ct of actin mRNA from the Ct of CCL2 mRNA in the same sample to normalize for 
variation in the amount. (A) Correlation between CSF CCL2 and cerebellum CCL2 mRNA, n = 20, Pearson r 

= -0.86, p < 0.0001; (B) Correlation between plasma CCL2 and cerebellum CCL2 mRNA, n = 20, Pearson r 
= -0.76, p < 0.001.  
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Psychological stress and traumatic brain injury (TBI) can both result in lasting neurobehavioral 
abnormalities. Post-traumatic stress disorder and blast induced TBI (bTBI) have become the most 
significant health issues in current military conflicts. Importantly, military bTBI virtually never 
occurs without stress. In this experiment, we assessed anxiety and spatial memory of rats at 
different time points after repeated exposure to stress alone or in combination with a single 
mild blast. At 2 months after injury or sham we analyzed the serum, prefrontal cortex (PFC), 
and hippocampus (HC) of all animals by proteomics and immunohistochemistry. Stressed sham 
animals showed an early increase in anxiety but no memory impairment at any measured time 
point. They had elevated levels of serum corticosterone (CORT) and hippocampal IL-6 but no 
other cellular or protein changes. Stressed injured animals had increased anxiety that returned 
to normal at 2 months and significant spatial memory impairment that lasted up to 2 months. 
They had elevated serum levels of CORT, CK-BB, NF-H, NSE, GFAP, and VEGF. Moreover, all 
of the measured protein markers were elevated in the HC and the PFC; rats had an increased 
number of TUNEL-positive cells in the HC and elevated GFAP and Iba1 immunoreactivity in the 
HC and the PFC. Our findings suggest that exposure to repeated stress alone causes a transient 
increase in anxiety and no significant memory impairment or cellular and molecular changes. 
In contrast, repeated stress and blast results in lasting behavioral, molecular, and cellular 
abnormalities characterized by memory impairment, neuronal and glial cell loss, inflammation, and 
gliosis. These findings may have implications in the development of diagnostic and therapeutic 
measures for conditions caused by stress or a combination of stress and bTBI.
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waves (Mayorga, 1997; Okie, 2005). Within the brain parenchyma, 
the high-energy high-velocity blast waves can cause substantial 
damage to blood vessels, neuronal and glial cell bodies and their 
processes (Kaur et al., 1997; Cernak et al., 2001). Clinical hall-
marks of severe bTBI include an unusually early onset (hours after 
injury) and rapid development of diffuse malignant cerebral edema, 
and delayed (10–14 days post-injury) vasoconstriction (Armonda 
et al., 2006; Ling et al., 2009; Ling and Ecklund, 2011). Given that 
blast almost always affects the whole body, subclinical thoracic or 
abdominal injuries can also contribute to the pathophysiology of 
bTBI (Cernak et al., 2010). It has been thought that the secondary 
injury process in bTBI includes vascular changes, neuroinflamma-
tion, and gliosis (Kaur et al., 1997; Mayorga, 1997; Cernak et al., 
2001; Taber et al., 2006).

Exposure to mild blast poses especially difficult challenges. Even 
though there are no life-threatening injuries in mbTBI and soldiers 
do not lose consciousness, 6–9 months later many soldiers develop 
neurobehavioral abnormalities that include memory impairment, 
anxiety, and mood disorders (Belanger et al., 2007; Brenner et al., 
2009). These symptoms indicate damage to the hippocampus 
(HC) and the prefrontal cortex (PFC), brain structures that are 
also indicated as the neuroanatomical substrates of PTSD (Jaffee 
and Meyer, 2009). Stress is a constant factor on the battlefield 

INTRODUCTION
Traumatic brain injury (TBI) is one of the leading causes of 
death and chronic disability worldwide (Bruns and Hauser, 2003; 
Tagliaferri et al., 2006). Blast induced TBI (bTBI) caused by explo-
sive devices is especially frequent in recent conflicts in Iraq and in 
Afghanistan (Warden and French, 2005; Taber et al., 2006; Warden, 
2006). Epidemiological studies have shown that mild bTBI (mbTBI) 
can result in chronic neurobehavioral changes such as increased 
anxiety and memory impairment (Ryan and Warden, 2003; Okie, 
2005). Importantly, virtually no bTBI occurs on the battlefield with-
out the exposure to psychological stress. Exposure to stress alone 
(i.e., traumatic and/or life-threatening events) without physical 
injury can lead to a chronic condition called post-traumatic stress 
disorder (PTSD) in some but not all affected individuals (Breslau 
and Kessler, 2001). PTSD is especially frequent among soldiers; 
about 14% of soldiers suffer from PTSD-like symptoms compared 
to 4% of the US adult population (Keane et al., 2006; Richardson 
et al., 2010).

Although bTBI shares some of the clinical features of the closed 
head and the penetrating TBIs, bTBI appears to be a fundamentally 
different form of neurotrauma (Ling et al., 2009). Several factors are 
responsible for the uniqueness of bTBI; explosive blast rapidly dis-
sipates very high levels of energy in the form of supersonic pressure 
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ChRONIC sTRess
Rats in the SI and SS groups were exposed to a combination of 
predator and unpredictable stressors for 1 week prior to and 1 week 
after the first behavioral testing session (Figure 1). Unpredictable 
stress is a face-valid model of human stress that has been shown to 
reliably elevate stress hormone levels in rodents (Fride et al., 1986; 
Weinstock et al., 1992).

A combination of fox urine and unpredictable stress (Campbell 
et al., 2003) was performed with modifications (Berger and 
Grunberg, in preparation). Rats were exposed to fox urine for 
10 min/day (Red fox urine, Buck Stop Lure Company, Stanton, 
MI, USA) as a predator stress, and loud noises and sudden cage 
movements at irregular times as an unpredictable stressor. During 
the stress routine, rats were moved to the animal facility’s proce-
dure room. Each rat was transferred to a clean empty cage with a 
cotton ball containing 15 ml of fox urine; each day the position 
of the cotton ball was changed. Within the 10 min stress period, 
rats were exposed to loud noises and irregular cage movement. 
After stress, the rats were immediately moved back to their home 
cages and transferred back to the animal housing room. Control 
rats were neither transferred to the procedure room nor exposed 
to any of the stressors.

sCheDUle Of behavIORal TesTs
Before chronic stress and injury all animals underwent a baseline 
open field (OF) measurement (Figure 1). Horizontal activity results 
were used to create three groups with no statistical significance 
among them. After the first stress phase and blast (or sham) injury, 
rats underwent a series of behavioral evaluations. In each behavioral 
session OF was conducted first to ascertain whether animals had any 
motor problems, which can confound other behavioral tests. One 
day after OF, elevated plus maze (EPM) was performed to measure 
anxiety levels. Barnes maze (BM) was performed last to measure 
spatial learning and memory. The three behavioral assessments 
were performed on separate days starting at 24 h, 1, and 2 months 
after injury (Figure 1).

 Open field
The OF test is an indicator of potential motor deficits but can also 
reflect fluctuations in anxiety levels based on changes in explora-
tory behavior (Heath and Vink, 1999). Several studies have shown 
this test to reliably measure anxiety and depression in rodents (von 
Horsten et al., 1998) including after TBI (Vink et al., 2003). OF 
tests were performed using Omnitech Electronics’ Digiscan infrared 
photocell system (test box model RXYZCM, Omnitech Electronics, 
Columbus, OH; Elliott and Grunberg, 2005). The OF system is a 

(Warden et al., 1997; Brenner et al., 2009); soldiers are repeatedly 
exposed to various life-threatening situations and to the visual 
and audible cues of blasts without necessarily suffering from any 
visible physical injury.

In order to better understand the long-term consequences of 
stress with and without the exposure to blast, we used a rodent 
model of stress and mbTBI and assessed the behavior of animals at 
various time points after sham or injury and analyzed their sera and 
brains for cellular and molecular changes. Due to our experimental 
setup, we were unable to determine the effect of blast injury alone. 
During our pilot studies we learned that handling and transport-
ing animals (associated with the exposure to blast) resulted in a 
significant amount of stress as indicated by substantially elevated 
serum CORT levels of animals.

MaTeRIals aND MeThODs
aNIMals, hOUsINg CONDITIONs, aND expeRIMeNTal sCheDUle
Sprague-Dawley male rats (245–265 g; Charles River Laboratories, 
Wilmington, MA, USA) were housed in cages with free access to 
food and water in a reverse 12/12 h light/dark cycle. The experimen-
tal schedule is depicted in Figure 1. After 7 days of acclimation and 
handling in our animal facility, control animals (C) were housed 
two per cage; stressed sham injured (SS) and stressed injured 
animals (SI) were housed individually. All animals were handled 
according to protocol approved by the Institutional Animal Care 
and Use Committee (IACUC) at the Uniformed Services University 
of the Health Sciences. All behavioral tests were conducted during 
animals’ dark cycle.

INjURy
On the day of the exposure, animals in the SS and SI groups were 
transported from USU (Bethesda, MD, USA) to Walter Reed 
Army Institute of Research (Silver Spring, MD, USA) for injury. 
Blast TBI was generated using a compression-driven shock tube 
as described earlier (Long et al., 2009). Before injury, rats in the 
SI group were anesthetized with 4% isoflurane (Forane, Baxter 
Healthcare Corporation, Deerfield, IL, USA), placed in an animal 
holder in a transverse prone position and then transferred to the 
shock tube where they were exposed to whole body blast overpres-
sure (20.6 ± 3 psi). Immediately after exposure, the duration of 
apnea was measured and rats were moved back to their home cages. 
Animals in the SS group received the same amount of anesthesia 
and underwent the same procedure but were not exposed to blast 
overpressure. However, SS as well as SI animals were exposed to the 
sounds of the blast, which is likely an additional stressor. Following 
exposures (or sham), animals were transported back to USU.

Figure 1 | Outline of the experimental schedule.
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removed and placed on ice. The PFC and HC were dissected, frozen, 
and stored at −80°C. For histology, rats were transcardially perfused 
with cold phosphate-buffered saline (PBS) followed by 4% buff-
ered paraformaldehyde solution under deep isoflurane anesthesia. 
Following overnight post-fixation in 4% buffered paraformalde-
hyde solution brains were consecutively immersed in cold 15 and 
30% sucrose solutions in 1× PBS for cryoprotection and then fro-
zen on dry ice. Frozen brains were sectioned coronally at a 20-μm 
thickness using a cryostat (Cryocut 1800; Leica Microsystems, 
Bannockburn, IL, USA) and sections were kept at −80°C until use.

pROTeOMICs
Preparation of samples
Sample preparation, printing, scanning, and data analysis were 
performed as described later in detail (Gyorgy et al., 2010). Flash-
frozen tissues were briefly pulverized in liquid nitrogen; 200 mg of 
the frozen powder was transferred into 1 ml of T-per lysis buffer 
(Thermo Fisher, Waltham, MA, USA) with protease and phos-
phatase inhibitors (Thermo Fisher) and then sonicated. Samples 
were centrifuged for 15 min at 4°C; the supernatants were aliquoted 
and stored at −80°C. Protein concentrations were measured by 
using a BCA assay (Thermo Fisher). Blood samples were promptly 
centrifuged after removal at 10,000×g for 15 min at 4°C; the super-
natants were aliquoted, flash-frozen, and stored at −80°C. Tissue 
samples were diluted in print buffer (10% glycerol, 0.05% SDS, 
50 mM DTT in 1× TBS) to a final protein concentration of 1 mg/
ml, while serum samples were diluted 1:10. Samples were then 
subjected to an 11-point serial 1:2 dilution and transferred into 
Genetix 384-well plates (X7022, Fisher Scientific, Pittsburgh, PA, 
USA) as described (Gyorgy et al., 2010). Plates were transferred into 
an Aushon 2470 Arrayer (Aushon Biosystems, Billerica, MA, USA) 
and samples were printed on ONCYTE Avid (tissue samples) or 
ONCYTE Nova (serum samples) single-pad nitrocellulose coated 
glass slides (Grace Bio-Labs, Bend, OR, USA).

Printing parameters
The Aushon Arrayer was programmed to use 16 pins (4 × 4 pat-
tern). Each sample was printed in 12 dilutions (12 rows) and in 
triplicate (3 columns), resulting in a block of 3 × 12 dots per sample. 
The Spot Diameter was set to 250 nm with a spacing of 500 nm 
between dots on the x-axis and 375 nm on the y-axis. Wash time 
was set at 2 s without delays. The printer was programmed for a 
single deposition per dot for printing serum and tissue extracts.

Immunochemical detection
Primary antibodies were diluted to 10× the optimal Western analysis 
concentration in antibody incubation buffer (0.1% bovine serum 
albumin (BSA), protease inhibitors (EDTA-free Halt protease and 
phosphatase inhibitor cocktail, Thermo Fisher, Waltham, MA, 
USA; 1× TBS, 0.5% Tween 20) as described (Gyorgy et al., 2010). 
Primary antibodies were used in the following dilutions: VEGF 
1:100 (Abcam ab-53465), s100b 1:50 (Abcam ab-41548), GFAP 
1:500 (Abcam ab-7260), Tau-protein 1:20 (Santa Cruz sc-1995), 
CK-BB 1:20 (Santa Cruz sc-15157), NSE 1: 100 (Abcam, Cat# 
ab53025), NF-H 1:20 (Sigma N4142). Slides were incubated with 
the primary antibody solution overnight at 4°C covered by a cover 
slip (Nunc* mSeries LifterSlips, Fisher Scientific, Pittsburg, PA). 

40 × 40 × 30 (L × W × H) cm clear Plexiglas arena with a perforated 
lid. During the 60 min testing period, we measured horizontal 
activity (locomotor activity), time spent in the margins (anxiety), 
and in the center. Data were automatically gathered and transmit-
ted to a computer via an Omnitech Model DCM-BBU analyzer.

Elevated plus maze
The EPM is a widely used, ethologically relevant test that assesses 
anxiety states in rodents (Carobrez and Bertoglio, 2005; Salzberg 
et al., 2007; Walf and Frye, 2007). The maze is an elevated structure 
(1 m above ground) consisting of four intersecting arms. The arms 
of the maze are 50 cm long and 10 cm wide; the closed arms have 
walls on three sides that are 40 cm high while the open arms have 
none. The lighting in the middle of the maze was set at 90 lux. On 
testing days rats were placed one by one in the center of the maze 
facing one of the open arms; each animal was allowed to explore 
freely for 5 min while its movement was video-tracked. Total dis-
tance traveled, number of entries made, and time spent (duration) 
in each arm was recorded using ANY-maze 4.2 Software (Stoelting 
Company, Wood Dale, IL, USA).

Barnes maze
Barnes maze was used to assess spatial learning and memory 
(Barnes, 1979; Maegele et al., 2005; Doll et al., 2009). BM repre-
sents a widely used, validated, and less stressful alternative to the 
commonly used water maze test (Harrison et al., 2009). The maze 
is a circular platform (1.2 m in diameter) with 18 evenly spaced 
holes around the periphery. One of the holes is the entrance to a 
darkened escape box that is not visible from the surface of the board. 
Each rat was tested twice per day for six consecutive days to find the 
escape box (only day 1 of the first BM session had three trials). In 
each trial, latency to locate and enter the escape box was measured 
(ANY-maze 4.2 Software, Stoelting Company, Wood Dale, IL, USA).

During the first (teaching) trial of the first BM session, all ani-
mals were trained to locate the escape chamber. Each animal was 
placed in the escape box and covered for 30 s. The escape box was 
then removed with the animal inside and moved to the center of 
the maze. The rat was removed from the box and allowed to explore 
the maze for a few seconds, after which the rat was returned to its 
home cage. No latency times were recorded for the teaching tri-
als. The escape box and the maze were cleaned with 30% ethanol 
solution between each trial. In the second trial the same rat was 
placed under a start box in the center of the maze for 30 s; the start 
box was then removed and the rat was allowed to explore freely to 
find the escape chamber. Training sessions ended after the animal 
had entered the escape box or when a pre-determined time (240 s) 
had elapsed. If the animal had not found the escape box during 
the given time period, it was placed in the escape box for 1 min at 
the end of the trial.

TIssUe COlleCTION aND pROCessINg
On day 67 post-injury (or sham; Figure 1) all animals were deeply 
anesthetized with isoflurane until a tail pinch produced no reflex 
movement. Anesthesia was maintained using a mask/nose cone 
attached to the anesthetic vaporizer, and blood was collected 
(1.5 ml) from a tail vein. For proteomics and ELISA assays, rats 
were decapitated under deep anesthesia. Brains were immediately 
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MA, USA; 1:1000), and goat anti-Iba1 (Abcam, Cambridge, MA, 
USA; 1:1000). Sections were incubated with the primary anti-
bodies overnight at 4°C. After washing with 1× PBS, they were 
incubated with appropriate secondary antibodies (Alexa Fluor 
555 goat anti-mouse IgG, 488 goat anti-rabbit IgG, or 488 don-
key anti-goat IgG (Invitrogen, Carlsbad, CA) was applied for 
1 h at RT 1:100), Hoechst 33342 (Molecular Probes, Eugene, 
OR, USA) at 1 μg/ml was applied for 2 min, sections washed 
and coverslipped using anti-fading media (Vectashield, Vector 
Laboratories, Burlingame, CA, USA).

TUNEL assay
Apoptotic cell death marked by DNA fragmentation was deter-
mined using a TUNEL in situ cell death detection kit, POD (Roche, 
Indianapolis, IN, USA) according to the manufacturer’s instruc-
tions. Sections were hydrated with PBS and endogenous peroxidase 
activity was quenched by 3% H

2
O

2
 in methanol for 10 min at RT. 

Sections were permeabilized by 0.1 M sodium citrate buffer (pH 
6.0) at 70°C for 30 min followed by PBST for 30 min at RT. TUNEL 
reaction was performed for 1 h at 37°C and the signal was converted 
using converter-POD. TUNEL-positive cells were visualized by DAB 
substrate. Dark brown TUNEL-positive cells were counted from 
four sections per animal.

Histological data acquisition
Histological sections were visualized in an Olympus IX-71 micro-
scope using the appropriate filters and images were collected using 
a SPOT digital camera (Diagnostic Instruments Inc., Sterling 
Heights, MI, USA). The collected images were colored using 
TIFFany Caffeine Software.

sTaTIsTICal aNalysIs aND COMpaRIsON Of DaTa
Behavioral test results were analyzed with ANOVA and Tukey 
post hoc tests. Differences with a p-value of <0.05 were considered 
significant. Statistical analyses were performed using GraphPad 
InStat software. Proteomics and ELISA results were analyzed with 
Student’s t-test. Data are reported as the average ± standard error 
of the mean. Proteomics data results were followed up with a 
one-way ANOVA. For each of our numerical measurements, we 
determined statistical significance among experimental groups 
by (p < 0.05 depicted by one star; p < 0.01 by two and p < 0.001 
by three).

ResUlTs
behavIORal effeCTs
Locomotor activity
Twenty-four hours after exposure to blast (or sham), rats in the SI 
group showed a decrease in horizontal activity compared to rats 
in the SS and C groups (Figure 2A) but the difference was statis-
tically insignificant. Animals in the SI group spent significantly 
more time in the periphery and significantly less time in the center 
(Figures 2B,C) compared to C and SS animals. SS animals showed 
no significant difference compared to C animals.

At 1 and 2 months after injury (or sham), we found no signifi-
cant differences in any of the measured parameters between animals 
in all experimental groups (Figures 2A–C).

The following day slides were washed and then incubated with an 
Alexa Fluor® 635 goat anti-mouse (Cat# A-31574), goat anti-rabbit 
(Cat# A-31576), or rabbit anti-goat IgG (H + L; Cat# A-21086) sec-
ondary antibodies from Invitrogen at 1:6000 dilution in antibody 
incubation buffer for 1 h at room temperature (RT). After washing 
and drying, the fluorescent signals were measured in a Scan Array 
Express HT microarray scanner (Perkin Elmer, Waltham, MA, USA) 
using a 633 nm wavelength laser and a 647 nm filter. Data from 
the scanned images were imported into a Microsoft Excel-based 
bioinformatics program developed in house for analysis (Gyorgy 
et al., 2010).

Data analysis and bioinformatics
The program calculates total net intensity after local background 
subtraction for each spot. The intensity data from the dilution 
series of each sample are then plotted against dilution on a log–log 
graph. The linear regression of the log–log data was calculated after 
the removal of flagged data, which include signal to noise ratios of 
less than 2, spot intensities in the saturation range or noise range, 
or high variability between duplicate spots (>10–15%). The total 
amount of antigen is determined by the y-axis intercept (Gyorgy 
et al., 2010).

CORTICOsTeRONe assay
Serum corticosterone (CORT) levels were measured using Cayman’s 
Corticosterone EIA Kit according to the manufacturer’s instruc-
tions (Cayman Chemical, Ann Arbor, MI, USA). Each sample was 
diluted 1:500 and measured in triplicate.

Il-6 aND INfγ assays
INFγ and IL-6 levels were measured from brain tissues using 
the rat Interferon gamma ELISA and the Rat IL-6 ELISA kits 
(both are from Thermo Fisher, Waltham, MA, USA). The IL-6 
ELISA kit required a 1:5 dilution using the supplied dilution 
buffer in order to avoid saturation in the wells. After the dilu-
tion of brain samples, the assay was performed according to the 
manufacturer’s instructions.

hIsTOlOgy
Immunohistochemistry
Every first and tenth coronal section containing either the PFC, 
the dorsal HC (DHC), or the ventral HC (VHC) were mounted on 
positively charged glass slides with two sections per slide. Three 
slides per animal, containing sections with identical z-axes, were 
selected per brain region for each immunostaining. Slides con-
taining the frozen sections were equilibrated at RT and hydrated 
with 1× PBS for 30 min. Antigen retrieval was performed by incu-
bating the sections in 10 mM citrate buffer (pH 6.0) at 80°C for 
30 min followed by cooling down to RT. After rehydration with 
1× PBS, sections were permeabilized with 0.5% Triton X-100 in 
PBS for 1 h and blocked in 1× PBS containing 5% normal goat 
serum (NGS), 5% BSA, 0.1% sodium azide, and 0.5% Triton 
X-100 for 1 h. The same solution minus NGS was used to dilute 
primary antibodies. The following primary antibodies were used: 
mouse anti-GFAP (Millipore, Temecula, CA, USA; 1:400) rab-
bit anti-doublecortin (DCX; Cell Signaling Technology, Beverly, 
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A

B C

Figure 2 | Locomotor activity of animals in the various experimental groups. Open field was used to assess (A) horizontal activity (number of beam breaks), 
(B) time spent in the peripheral zone (seconds) and (C) time spent in the central zone (seconds). **p < 0.01 SI compared to C rats. Data are presented in 
mean ± SEM. (C: n = 4; SS: n = 6; and SI: n = 6).

During the second BM session, performed between days 32 and 
36 post-blast (or sham), we found no difference in the latency 
times of animals in the SS and the C groups. However, SI animals 
required significantly longer times to find the escape box on day 
33 through 36 (Figure 4B).

The last BM session was performed between days 64 and 69 post-
injury (or sham). Again, the performance of SS animals was not 
statistically different from animal in the control group (Figure 4C). 
In contrast, SI rats performed very poorly in the BM on day 64. 
These animals had increased latency times similar to those meas-
ured during the first BM session (Figures 4C,D) showing significant 
memory problems on days 65 and 68, indicating lasting memory 
impairment caused by blast.

effeCTs ON pROTeIN MaRkeRs
Serum changes
At the end of the last behavioral session (69 days post-injury 
or sham), we obtained serum from each animal and compared 
NF-H, CK-BB, GFAP, VEGF, and NSE levels across all experi-
mental groups. We found that serum levels of all protein mark-
ers listed above were significantly elevated at this late time point 
in SI animals (Figure 5). As expected, serum CORT levels were 
significantly elevated in both SS and SI groups. However, the 
difference in serum CORT levels between the two groups was 
statistically insignificant.

Anxiety
Forty-eight hours after blast (or sham) injury, we found that SI rats 
traveled significantly shorter distances than C animals (Figure 3A). 
Animals in the SS group also traveled shorter distances but the dif-
ferences were not statistically significant. Animals in both SS and 
SI groups spent significantly less time in the open arms and more 
time in the closed arms (Figures 3B,C).

At 1 month both SS and SI groups traveled shorter distances 
compared to C animals (Figure 3A). Among the stressed groups only 
SI animals exhibited raised anxiety by spending less time in the open 
arms and more time in the closed arms (Figures 3B,C). Animals in 
the SS group did not show significant differences in the time spent 
in the open arms vs. closed arms compared to the controls.

Two months after blast or sham injury, all animals performed 
similarly with no significant differences in total distance traveled 
or time spent in the open and the closed arms.

Spatial learning and memory
During the first BM session, performed between days 3 and 8 post-
blast (or sham; see Figure 1 for schedule) we observed significant 
differences in the performance of animals on the last testing day 
only (day 8). SS rats needed significantly more time to find the 
escape box compared to C rats. SI rats spent less time finding the 
escape box than SS rats, but more time compared to C rats; the 
difference was not statistically significant (Figure 4A).
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A B

C D

Figure 4 | Spatial learning and memory of animals in the various experimental groups. Barnes maze was used to determine latencies to find the escape box 
(A) 3–8 days post-injury, (B) 32–36 days post-injury, (C) 64–69 days post-injury. (D) Summarized time-line of latencies of the three sets of Barnes maze test. 
*p < 0.05, **p < 0.01, and ***p < 0.01 SI compared to C rats, ##p < 0.01 SS to C rats. Data are presented in mean ± SEM (C: n = 4; SS: n = 6; and SI: n = 6).

A

B C

Figure 3 | Anxiety of animals in the various experimental groups. Elevated plus maze was used to assess (A) total distance traveled (meter), (B) time spent in 
the open arms (seconds) and (C) time spent in the closed arms (seconds). *p < 0.05 and **p < 0.01 SI compared to C rats, ##p < 0.01 SS to C rats. Data are presented 
in mean ± SEM. (C: n = 4; SS: n = 6; and SI: n = 6).
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no observable effect on GFAP expression in the PFC or the HC 
(Figure 7). However, in SI animals we detected a noticeable increase 
in GFAP immunoreactivity in the PFC and the VHC.

Importantly, an increase in GFAP+ cells displaying a stellar mor-
phology characteristic of reactive astrocytes was observed in the 
PFC and the VHC of SI animals (Figure 7C, and insert).

Inflammation
Similar to the gliotic response above, exposure to stress alone 
had no significant effect on Iba1 immunoreactivity in the 
PFC or the HC (Figure 8). While increased Iba1 immunore-
activity was observed in the SI group, there was a noticeable 
increase in Iba1 immunoreactivity (albeit to a lesser degree) 
in the PFC of SS animals. No significant differences were 
observed in Iba1 immunoreactivity in the DHC of any of the 
experimental groups.

Changes in the brain
At the end of the last behavioral session we analyzed changes in 
the expression of S100β, VEGF, GFAP, Tau-protein, IL-6, and 
INFγ in the PFC and the HC of all animals. We found significantly 
elevated levels of all markers (except IL-6) in the PFC and the 
HC of SI animals only (Figure 6). Interestingly, we found that 
IL-6 levels were significantly increased in the HC of SS animals 
while no such effect of stress alone was seen on hippocampal 
INFγ levels.

CellUlaR ChaNges
Astrogliosis
To identify the cellular changes underlying the observed behav-
ioral abnormalities, we analyzed the HC and the PFC for GFAP 
expression at 2 months post-blast (or sham). Consistent with our 
proteomics data, we found that exposure to stress alone (SS) had 

Figure 5 | Protein markers in the PFC and the HC of animals in the various experimental groups. Tissue extracts were prepared from dissected PFC and HC 
regions of C, SS, and SI rat brains. The tissue levels of the selected marker proteins were assayed using either RPPM or ELISA. The y-axis intercept (Y-cept) and pg/ml 
(IL-6 and IFNg) indicate the measured protein levels. *p < 0.05, **p < 0.01 compared to C rats, error bars are ± SEM. (C: n = 2; SS: n = 3; and SI: n = 3).
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Figure 6 | Serum markers of animals in the various experimental groups. Blood was drawn and sera were prepared from the C, SS, and SI rats. The levels of 
the selected marker proteins were assayed using either RPPM or ELISA, and corticosterone levels were assayed using ELISA. The y-axis intercept (Y-cept) and pg/ml 
(corticosterone) indicate the measured protein levels. *p < 0.05, **p < 0.01 compared to C rats, error bars are ± SEM (C: n = 4; SS: n = 6; and SI: n = 6).

Figure 7 | gFAP immunoreactivity in selected brain regions of animals in 
the various experimental groups. Frozen coronal sections containing the 
PFC, DHC, and VHC were cut and processed for immunohistochemistry using 
a GFAP antibody. Sections were stained with Hoechst 33342 to mark cellular 

nuclei. PFC of (A) C, (B) SS, and (C) SI rats; DHC of (D) C, (e) SS, and (F) SI 
rats; VHC of (g) C, (H) SS, and (i) SI rats. Inlays display morphological extension 
of stellar-like processes in VHC of SI rats. White-dotted line outlines DG layer of 
hippocampus.
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Figure 8 | iba1 immunoreactivity in selected brain regions of animals in the various experimental groups. Frozen coronal sections containing the PFC, DHC, 
and VHC were cut and processed for immunohistochemistry using an Iba1 antibody. Sections were stained with Hoechst 33342 to mark cellular nuclei. PFC of (A) C, 
(B) SS, and (C) SI rats; DHC of (D) C, (e) SS, and (F) SI rats; VHC of (g) C, (H) SS, and (i) SI rats. White-dotted line outlines DG layer of hippocampus.

Apoptotic cell death
TUNEL histology was used to determine the extent of apoptotic cell 
death in the PFC, VHC, and DHC across all experimental groups. 
The number of TUNEL-positive cells was significantly increased 
in the hilus of the VHC and the DHC of the SI group (Figure 9). 
Interestingly, there was no increase in the number of TUNEL-
positive cells in the PFC of animals in any of the experimental 
groups (Figure A1 in Appendix). The exposure to stress alone 
resulted in no increase in the number of TUNEL-positive cells in 
any of the SS brain regions investigated.

Neurogenesis
To gain insight into the potential effects of stress (with or without 
injury) on hippocampal de novo neurogenesis, we performed 
DCX immunohistochemistry. We observed a noticeable increase 
in DCX expression in the VHC of SI animals; DCX immuno-
reactive cells displayed specific morphologies with elaborate 
processes reaching well into the DG (Figure 10F and insert). 
Stress alone caused an apparent increase in DCX positive cells 
in the VHC compared to the controls (Figure 10). However, the 
DCX+ cells in SS animals lacked the elaborate processes seen in 
SI animals.

DIsCUssION
The main finding of this study is that repeated stress alone caused 
a transient increase in anxiety and no major cellular and molecular 
abnormalities, while the exposure to stress and a single mild blast 
resulted in a transient (but longer lasting) increase in anxiety and 

Figure 9 | TuNeL-positive cells in selected brain regions of animals in 
the various experimental groups. Frozen coronal sections containing the 
hilus of the DHC and VHC of C, SS, and SI rats were cut and processed for 
TUNEL histology. The number of TUNEL-positive cells were counted and 
expressed as positive cells per unit area ± SEM. *p < 0.05 and **p < 0.01 
compared to C rats.

chronic memory impairment. These behavioral changes are asso-
ciated with neuroinflammation, vascular changes, and neuronal 
and glial cell loss.

Repetitive stress alone resulted in an early (48 h) increase in 
anxiety that dissipated at later time points. Our finding is consist-
ent with previous studies where the exposure of rats to a fear-
provoking environment resulted in a short-term increase in anxiety 
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Figure 10 | DCX immunoreactivity in selected brain regions of animals in the various experimental groups. Frozen coronal sections containing the PFC, DHC, and 
VHC were cut. Immunohistochemistry was performed using a DCX antibody. Sections were stained with Hoechst 33342 to mark cellular nuclei. DHC of (A) C, (B) SS, and 
(C) SI rats; VHC of (D) C, (e) SS, and (F) SI rats. Inlays show the finer details of the cell bodies and processes of DCX cells within the DG of the VHC.

(Pynoos et al., 1996). Other studies also reported increased anxi-
ety that lasted up to 7 days after daily exposure to predator odor 
(Adamec and Shallow, 1993; Cohen et al., 1996, 2000, 2003; Adamec 
et al., 1997, 1999). On the other hand, exposure of stressed ani-
mals to blast appears to prolong the period of increased anxiety, 
as these animals had elevated anxiety levels up to 1 month after 
injury. Importantly, anxiety levels of even these animals returned 
to normal at 2 months post-injury (or sham).

These findings suggest that the long-term effects of stress and 
injury can dissipate. However, epidemiological studies show that 
traumatic event(s) or repeated stress can result in PTSD, a chronic 
condition (Woon et al., 2010), although not all individuals exposed 
to traumatic events develop PTSD (Gross and Hen, 2004; Yehuda 
and LeDoux, 2007). The neuroanatomical substrates mediating 
symptom formation in PTSD include the medial PFC, amygdala, 
and HC (Bremner, 2007; Liberzon and Sripada, 2008). Within 
the HC, the VHC is predominantly involved in mediating anxi-
ety-related functions while the DHC is involved in learning and 
memory-associated functions (Henke, 1990; Moser et al., 1995). 
In vivo imaging studies have found correlation between hippoc-
ampal volume and susceptibility to PTSD development (Karl et al., 
2006). A recent meta-analytic study concluded that hippocampal 
volume reduction is associated with the exposure to trauma inde-
pendent of PTSD diagnosis, but additional hippocampal reduc-
tion is associated with the development of PTSD compared to the 
trauma-exposed group without PTSD (Woon et al., 2010). A recent 
comprehensive in vivo imaging study showed that the volume of 
CA3/DG fields of the HC was significantly reduced in veterans with 
combat-related PTSD (Wang et al., 2010).

Both genetic and epigenetic factors are suspected in individu-
als’ susceptibility to developing PTSD. These include an abnormal 
serotonin system and an altered response to CORT (Gross and 
Hen, 2004). Stress can alter the function of the hypothalamus–
pituitary–adrenal axis (HPA), which in turn leads to abnormally 
elevated levels of CORT (Yehuda, 2006). Chronically elevated levels 
of CORT, as we observed, can adversely affect the  architecture 

of the HC. However, a recent study found that chronically ele-
vated CORT levels did not reduce cell number but caused a pro-
nounced loss of synapses, suggesting that volume measures can 
substantially underestimate the effects of CORT on hippocampal 
structure and importantly on function (Tata et al., 2006; Tata and 
Anderson, 2010).

The HC, specifically the DHC, is also a critical neuroanatomi-
cal substrate of learning and memory (Henke, 1990; Moser and 
Humpel, 2005); elevated CORT levels can adversely affect memory 
(Bannerman et al., 2004). Although we found that CORT levels 
remained elevated even after 2 months in both SS and SI groups, 
we found that SS animals did not display memory deficits. Previous 
studies showed that following daily (foot-shock) stress for 14 days, 
CORT levels were elevated during the first 7 days post-stress, but 
returned to control levels by day 14 (Kant et al., 1987). However, 
there have been no studies to our knowledge that measure the long-
term (e.g., 2 months) effects of stress on CORT levels.

In contrast to the transient increase in anxiety, we found that 
memory impairment was both specific to blast injury and also 
appeared to be a “chronic” condition. In BM, the performance of 
SS animals was not significantly different from C animals at any 
given time point, except on day 8 post-injury. Previous behavioral 
paradigms, in which rats were exposed to another form of predator 
stress (Diamond et al., 2006) have indicated that stress can have 
different effects on memory formation and consolidation depend-
ing on the time of exposure. Importantly, our data showed that 
memory impairment was at its highest at 2 months post-injury. 
These findings suggest that blast injury predominantly affects the 
DHC as evidenced by impaired spatial memory.

We found an increased number of TUNEL-positive cells in the 
hilus of the HC but not in the PFC of animals in the SI group at 
2 months post-injury. This apparent lasting apoptotic processes 
after TBI is quite unusual. The limited information available indi-
cates that in other models of TBI apoptotic activity returned to 
control levels 2 months after injury (Luo et al., 2002). There were 
no significant differences in the number of TUNEL-positive cells 
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increased VEGF level promotes survival of de novo hippocampal 
neurons by blocking apoptotic cell death (Lee and Agoston, 2010). 
Consistent with the previous observation, we found that injury and 
stress, but not stress alone, increases VEGF levels in the HC and also 
in the PFC. Consistent with the previous observation, we found 
that injury and stress, but not stress alone, increases VEGF levels in 
the HC and also in the PFC. Previous studies have demonstrated 
that an increase in VEGF concentration can also increase vascular 
permeability as indicated by the breach of the BBB (Dvorak et al., 
1995). Interestingly, a recent clinical study has shown that increased 
serum level of VEGF is indicative of good outcome after ischemic 
stroke (Sobrino et al., 2009).

We found increased serum levels of several neuronal and 
glia-specific proteins including NF-H, NSE, CK-BB, and GFAP 
2 months post-injury. These molecules have previously been used 
to assess the extent and the outcome of TBI (Berger, 2006; Korfias 
et al., 2009). For example, NF-H has been used as a biomarker of 
neuronal loss and BBB damage and predicting outcome (Anderson 
et al., 2008). That serum levels of these proteins remain elevated 
at 2 month after injury suggest ongoing neuronal and glial cell 
loss as well as a chronically increased BBB permeability in which 
elevated levels of VEGF may play a role (Ay et al., 2008; Gerstner 
et al., 2009).

We also found significantly elevated levels of S100β and GFAP in 
the HC and in the PFC of SI animals. Elevated tissue levels of S100β 
may indicate astroglial proliferation and overall glial response to 
injury (Kleindienst et al., 2005). Elevated expression of GFAP by 
astrocytes, combined with morphological changes (reactive astro-
gliosis), is a hallmark of CNS neurotrauma (Eng and Ghirnikar, 
1994; Fitch and Silver, 2008). We found that the VHC and the DHC 
appear to have differential expression of stellar GFAP astroglia fol-
lowing exposure to stress only and to the combination stress and 
injury. The role of increased GFAP immunoreactivity and stellar 
astroglia in CNS injury is complex. Astrocytic responses can lead to 
either reparative or detrimental outcomes depending on the type 
and time after injury (Eng and Ghirnikar, 1994; Fitch and Silver, 
2008). However, increasing evidence also indicates a protective role 
of astrogliosis in reducing the toxic effects of extracellular glutamate 
and enabling barrier reconstruction after TBI (Buffo et al., 2010). 
In light of our behavioral findings, showing normalized anxiety 
levels of SI animals at 2 months post-injury, we speculate that the 
apparent increase in GFAP positive cells in the VHC may contrib-
ute to reparative pathomechanisms and the restoration of normal 
anxiety levels. Chronic stress has been shown to significantly reduce 
both the number and somal volume of astroglia in the HC (Czeh 
et al., 2006). Interestingly, we did see a differential effect of stress 
alone and stress and injury in the DHC and VHC. While the VHC 
displayed an apparent increase in GFAP+ cells with stellar processes, 
the same was not observed in the DHC and memory impairment 
remained significant 2 months post-injury. A possible explanation 
for the lasting memory deficits occurring in SI animals is that stress 
may selectively impair the restorative and/or regenerative action 
of reactive astrocytes in the DHC. While compelling, the results 
obtained require further exploration.

In summary, we found that when stressed animals are exposed 
to a single mild blast overpressure, there are lasting behavioral, 
molecular, and cellular abnormalities characterized by memory 

of animals that were exposed to chronic stress only. As discussed 
above, SS animals had elevated serum CORT levels but showed 
no increase in the number of TUNEL-positive cells in their HC 
or PFC. These findings suggest that in addition to elevated CORT 
levels, other factors like inflammation may be required to sustain 
the increase in apoptotic cell death.

Our immunohistochemical data showed an increase in Iba1 
immunoreactivity in the PFC as well as the HC of SI animals. 
Within the HC of SI animals, Iba1 immunoreactivity appeared to 
be higher in the VHC than in the DHC. However, we also found 
that exposure to stress alone resulted in an increase in hippocampal 
IL-6 (but not INFγ) levels 2 month after injury (or sham). IL-6 and 
INFγ are inflammatory cytokines produced by activated microglia 
and astroglia and are involved in mediating various responses to 
injury (Morganti-Kossmann et al., 2001, 2002; Nimmo et al., 2004). 
Depending on the cellular and molecular context, IL-6 can be neu-
rotoxic or can act as a neuroprotectant (Toulmond et al., 1992).

IL-6 can act as a potent inhibitor of de novo hippocampal neu-
rogenesis; one of several innate regenerative processes triggered by 
TBI (Vallieres et al., 2002). After a latency period following TBI, the 
rate of de novo hippocampal neurogenesis increases (Dash et al., 
2001; Chirumamilla et al., 2002; Lee and Agoston, 2010). Newborn 
neurons, marked by DCX expression, migrate from the SGL to 
the granule cell layer (GCL) where many of the surviving neurons 
differentiate into granule cells (Altman and Das, 1965; Cameron 
et al., 1993). We found an apparent increase in DCX positive cells 
at 2 months after injury in the VHC but not in the DHC of SI rats. 
Additionally, these cells showed elaborate processes extending well 
into the DG. Animals in the SS group also showed an increase 
in DCX immunoreactivity in the VHC but the cells lacked the 
elaborate processes observed in SI rats. These findings suggest an 
increase in de novo neurogenesis in the VHC in response to stress, 
but particularly to the combination of stress and blast. This may 
indicate that increased de novo neurogenesis in the VHC is partly 
responsible for the normalization of anxiety observed at 2 months.

The apparent increase in DCX+ cells in the VHC of SI ani-
mals contradict what the Iba1 immunohistochemistry and the 
IL-6 ELISA data would imply. In addition to chronically elevated 
CORT levels, elevated hippocampal IL-6 levels and the presence 
of Iba1+ cells in the HC would imply a decrease or repression in 
neurogenetic activity as neuroinflammation and elevated CORT 
levels are known inhibitors of hippocampal de novo neurogen-
esis (Cameron and Gould, 1994; Yu et al., 2004; Montaron et al., 
2006); with males showing a greater vulnerability to elevated CORT 
(Brummelte and Galea, 2010). However, the regulation of de novo 
hippocampal neurogenesis is rather complex; large numbers of 
molecules are involved and the exact nature of the regulatory proc-
ess is currently not fully understood (Kempermann and Gage, 2000; 
Kempermann, 2002). Even though it has been accepted that an 
increase in DCX+ cells indicates increased de novo neurogenesis, 
DCX is only transiently expressed by de novo neurons. Thus, a more 
detailed BrdU/Prox1 double immunohistochemical and stereologi-
cal quantification of the histology results is required to determine 
changes in de novo neurogenesis after stress and blast.

One of the positive regulators of de novo neurogenesis is VEGF; 
we and others have found that VEGF is significantly upregulated 
in various forms of TBI (Jin et al., 2002; Lee and Agoston, 2010) 
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impairment, neuronal and glial cell losses, inflammation, and glio-
sis. In contrast, stress alone resulted only in a transient increase in 
anxiety, no memory deficit and no detectable tissue damage. If our 
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the outcome of psychological and physical traumas.
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Figure A1 | TuNeL-positive cells in selected brain regions of animals in the various experimental groups. Frozen coronal sections containing the (A) PFC and 
(B) DG of the DHC and VHC of C, SS, and SI rats were counted and expressed as positive cells per unit area ± SEM. *p < 0.05 and **p < 0.01 compared to C rats.
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De novo hippocampal neurogenesis contributes to functional recovery following traumatic brain 
injury (TBI). Enriched environment (EEN) can improve the outcome of TBI by positively affecting 
neurogenesis. Blast induced traumatic brain injury (bTBI) characterized by memory impairment 
and increased anxiety levels, is a leading cause of chronic disability among soldiers. Using a rodent 
model of bTBI we asked: (a) whether long-term exposure to EEN after injury can ameliorate 
behavioral abnormalities and (b) what the effects of EEN are at the molecular and cellular 
levels and on de novo neurogenesis. We found that housing injured animals in EEN resulted in 
significantly improved spatial memory while animals in normal housing (NH) showed persistent 
memory impairment. VEGF and Tau protein but not Interleukin-6 (IL-6) levels were normalized 
in the dorsal hippocampus (DHC) of EEN rats while all three markers remained elevated in NH 
rats. Interestingly, after peaking at 6 weeks post-injury, anxiety returned to normal levels at 
2 months independent of housing conditions. Housing animals in EEN had no significant effect 
on VEGF and Tau protein levels in the ventral hippocampus (VHC) and the amygdala (AD). We 
also found that EEN reduced IL-6 and IFNγ levels in the VHC; these markers remained elevated 
following NH. We observed an increase in GFAP and DCX immunoreactivities in the VHC of 
NH animals at 2 months post-injury. Conversely, injured animals housed in EEN showed no 
increase in GFAP or DCX immunoreactivity in their VHC. In summary, long-term exposure of 
injured animals to EEN appears to play a positive role in the restoration of memory functions 
but not on anxiety, which returned to normal levels after a significant period of time. Cellular 
and molecular changes in response to EEN appear to be a part of neurogenesis-independent 
as well as dependent recovery processes triggered by bTBI.

Keywords: neurogenesis, enriched environment, traumatic brain injury, memory, anxiety, hippocampus, histology, 
proteomics

observed changes include impaired memory and increased anxi-
ety, implicating damage to the hippocampus (HC) and the pre-
frontal cortex (PFC).

Exposure to severe blast causes vascular, neuronal, and glial 
damage that results in cerebral edema, vasospasm, and the loss of 
fiber tracts (Kaur et al., 1997; Mayorga, 1997; Cernak et al., 2001; 
Taber et al., 2006). Moderate and mild blast result in gliosis and 
neuroinflammation characterized by elevated levels of proinflam-
matory molecules like Interleukin-6 (IL-6; Vallieres et al., 2002; 
Kwon et al., 2011). Inflammation can cause neuronal cell death as 
well as increase vulnerability to noxious factors like neurotoxins 
(Cacci et al., 2005; Agoston et al., 2009). IL-6 is also a potent inhibi-
tor of hippocampal de novo neurogenesis (Vallieres et al., 2002; 
Barkho et al., 2006).

Intact de novo hippocampal neurogenesis in the adult brain 
has been shown to play an important role in maintaining normal 
neurobehavioral functions (Kempermann, 2002b; Kempermann 
and Kronenberg, 2003; Kempermann et al., 2004; Sahay and Hen, 
2007; Aimone et al., 2010; Deng et al., 2010). Neurogenesis is 

INTRODUCTION
Traumatic brain injury (TBI) is one of the leading causes 
of chronic disability worldwide (Bruns and Hauser, 2003; 
Tagliaferri et al., 2006). The main neurobehavioral symptoms 
of survivable TBI include memory problems, increased anxi-
ety, and depression (Gentilini et al., 1985; Schoenhuber and 
Gentilini, 1988; Ponsford et al., 1995). Blast induced traumatic 
brain injury (bTBI) caused by explosive devices has become a 
signature injury of the recent conflicts in Iraq and in Afghanistan 
(Warden and French, 2005; Taber et al., 2006; Warden, 2006). 
Although bTBI shares some of the clinical features of the closed 
head and the penetrating TBI models, bTBI appears to be a 
different form of neurotrauma (Ling et al., 2009). The second-
ary injury process after either form of TBI includes metabolic 
changes, hypoxia, edema, neuroinflammation, and gliosis (Kaur 
et al., 1997; Mayorga, 1997; Cernak et al., 2001; Taber et al., 2006). 
As epidemiological and experimental data show, even moderate 
and mild forms of bTBI can cause long-term behavioral changes 
(Ryan and Warden, 2003; Okie, 2005; Cernak et al., 2010). The 
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MATERIALS AND METHODS
ANIMALS AND HOUSINg CONDITIONS
Sprague-Dawley male rats (245–265 g, n = 23; Charles River 
Laboratories, Wilmington, MA, USA) were housed in cages with 
free access to food and water in a reverse 12–12 h light-dark cycle. 
After 7 days of acclimation and handling, animals were exposed 
to a single blast (or sham) injury and then placed into the separate 
housing conditions until the end of the study. The experimental 
schedule is depicted in Figure 1. All animals were handled accord-
ing to protocol approved by the Institutional Animal Care and 
Use Committee (IACUC) at the Uniformed Services University of 
the Health Sciences (USUHS). All behavioral tests were performed 
during animals’ dark cycle.

INjURy
On the day of the injury all rats (injury weight: ∼300 g) were trans-
ferred to Walter Reed Army Institute of Research (Silver Spring, 
MD, USA) where blast was generated using a compression-driven 
shock tube (Long et al., 2009). Before the induction of injury, rats 
were anesthetized in a bell jar for 6 min with 4% isoflurane (Forane, 
Baxter Healthcare Corporation, Deerfield, IL, USA). Anesthetized 
rats in chest protection were then placed in a holder in a transverse 
prone position and exposed to whole body blast injury at 20.63 psi 
pressure. Immediately after injury rats were moved back to their 
home cages and transported back to the USUHS animal facility. 
Sham-injured animals underwent the same procedure without 
being exposed to blast overpressure.

HOUSINg CONDITIONS AfTER INjURy
Following bTBI (n = 15) or sham injury (n = 8), rats were assigned to 
the following groups: normal housed-injured (NH-I; n = 8), normal 
housed-sham (NH-S; n = 8), and enriched environment-injured 
(EEN-I; n = 7). Rats under NH conditions were housed on hardwood 
chip bedding without any toys, two rats/standard rat cage. Rats under 
EEN conditions were housed in a four level metal cage (dimensions: 
36′′L × 25′′W × 62 1/2′′H; MIDWEST Ferret Nation Double Unit 
Home with Stand, PetSmart) that contained different kinds of toys 
like activity wheels, tunnels, balls, and rodent igloos (Figure A1 in 
Appendix). Toys (PetSmart) were replaced with new ones weekly.

a part of the innate regenerative processes triggered by various 
insults to the brain including TBI (Dash et al., 2001; Hallbergson 
et al., 2003; Parent, 2003). Following TBI, the rate of de novo 
neurogenesis is substantially upregulated (Dash et al., 2001; 
Chirumamilla et al., 2002; Lee and Agoston, 2009), which con-
tributes to the amelioration of the neurobehavioral consequences 
of TBI (Sun et al., 2007). Neurogenesis is a complex process that 
is not restricted to the proliferation of neural stem (progenitor) 
cells; it includes neuronal fate determination, differentiation of 
immature neurons, migration, survival, and functional integra-
tion into neuronal circuits (Kempermann, 2002a; Kozorovitskiy 
and Gould, 2003; Abrous et al., 2005; Hagg, 2005; Ming and Song, 
2005; Zhao et al., 2008).

Previous studies indicated that socially and physically 
enriched environments (EEN) can significantly improve work-
ing memory, especially spatial learning along with other benefi-
cial neurobehavioral effects (Kempermann et al., 1997; Pham 
et al., 1999; Van Praag et al., 2000; Dhanushkodi et al., 2007). 
The positive effects of EEN have been described in young intact 
animals (Tees et al., 1990) after various forms of brain lesions 
(Einon et al., 1980; Whishaw et al., 1984) like TBI, spinal cord 
injury (Berrocal et al., 2007; Fischer and Peduzzi, 2007; Kline 
et al., 2007; Hoffman et al., 2008), and ischemia (Johansson 
and Ohlsson, 1996; Dahlqvist et al., 2004; Buchhold et al., 2007; 
Briones et al., 2009). Kempermann et al. (1997) found that mice 
housed in EEN had more new granule cells in the dentate gyrus 
than control mice. The combination of physical and social inter-
actions in EEN enhances hippocampal neurogenesis, synaptic 
efficacy, learning, and memory functions (Van Praag et al., 2000; 
Cao et al., 2004; Tashiro et al., 2007; Wright and Conrad, 2008). 
Therefore, the demonstrated benefits of EEN may offer an easily 
implementable “treatment” option to improve neurobehavior 
following brain insults.

In this study, we aimed to identify the effect of EEN on behav-
ioral outcome as well as cellular and molecular alterations ensuing 
bTBI. The observed cellular and molecular changes suggest that 
recovery after bTBI involves complex processes like de novo neu-
rogenesis and that EEN may modulate the temporal characteristics 
of these processes.

Figure 1 | Outline of the experimental schedule.
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proteomics and ELISA assays (NH-S: n = 5; NH-I: n = 5; and EEN-I: 
n = 4), rats were decapitated and brains were immediately removed 
and placed on ice. The amygdala (AD), PFC, dorsal (DHC), and 
ventral hippocampus (VHC) were dissected, frozen, and stored at 
−80°C. For histology (NH-S: n = 3; NH-I: n = 3; and EEN-I: n = 3), 
rats were placed under deep isoflurane anesthesia and transcardially 
perfused with cold phosphate-buffered saline (PBS) followed by 4% 
paraformaldehyde solution. Fixed brains were then immersed in 
cold 15 and 30% sucrose in 1 × PBS (consecutively) for cryoprotec-
tion. Frozen brains were sectioned coronally at a 40-μm thickness 
using a cryostat (Cryocut 1800; Leica Microsystems, Bannockburn, 
IL, USA) and sections containing the DHC and the VHC were kept 
at −80°C until use.

PROTEOMICS
Preparation of samples
Sample preparation, printing, scanning, and data analysis were per-
formed as described in detail (Gyorgy et al., 2010). Briefly, flash 
frozen brain samples were pulverized in liquid nitrogen; 200 mg of 
the powder was transferred into 1 ml of T-per lysis buffer (Thermo 
Fisher, Waltham, MA, USA) with protease and phosphatase inhibi-
tors (Thermo Fisher) and then sonicated. Samples were centrifuged 
for 15 min at 4°C and the supernatants were aliquoted and stored 
at −80°C. Tissue samples were diluted in print buffer (10% glycerol, 
0.05% SDS, 50 mM DTT in 1 × TBS) to a final protein concentration 
of 1 mg/ml. Samples were then subjected to an 11-point serial 1:2 
dilution and transferred into Genetix 384-well plates (X7022, Fisher 
Scientific, Pittsburg, PA, USA) using a JANUS Varispan Integrator 
and Expanded Platform Workstation (PerkinElmer, Waltham, MA, 
USA). Plates were transferred into an Aushon 2470 Arrayer (Aushon 
Biosytems, Billerica, MA, USA) to be printed on ONCYTE Avid 
(tissue samples) or ONCYTE Nova (serum samples) single-pad 
nitrocellulose coated glass slides (Grace Bio-Labs, Bend, OR, USA).

Printing parameters
The Aushon Arrayer was programmed to use 16 pins (4 × 4 pat-
tern). Each sample was printed in 12 dilutions (12 rows) and in 
triplicate (3 columns), resulting in a block of 3 × 12 dots per sample. 
The Spot Diameter was set to 250 nm with a spacing of 500 nm 
between dots on the x-axis and 375 nm on the y-axis. Wash time 
was set at 2 s without delays. The printer was programmed for a 
single deposition per dot for printing serum and tissue extracts.

Immunochemical detection
Primary antibodies were diluted to 10× the optimal Western analysis 
concentration in antibody incubation buffer [0.1% bovine serum 
albumin (BSA), protease inhibitors (EDTA-free Halt protease and 
phosphatase inhibitor cocktail, Thermo Fisher, Waltham, MA, USA), 
1 × TBS, 0.5%Tween 20]. Primary antibodies were used in the fol-
lowing dilutions for reverse phase protein microarray (RPPA): VEGF 
1:100 (Abcam ab-53465) and Tau protein 1:20 (Santa Cruz sc-1995). 
The primary antibody solution was incubated overnight at 4°C with 
a cover slip (Nunc* mSeries LifterSlips, Fisher Scientific, Pittsburg, 
PA, USA). The following day slides were washed and then incubated 
with an Alexa Fluor® 635 goat anti-mouse (Cat# A-31574), goat 
anti-rabbit (Cat# A-31576), or rabbit anti-goat IgG (H + L; Cat# 
A-21086) secondary antibodies from Invitrogen at 1:6000 dilution 

BEHAvIORAL TESTS
All rats underwent a series of behavioral evaluations; basic motor 
function and anxiety were measured by elevated plus maze (EPM), 
and spatial learning and memory by Barnes maze (BM). Behavioral 
assessments were performed on separate days starting at 15, 44, and 
66 days after injury (Figure 1).

Elevated plus maze
The EPM is a widely used, ethologically relevant test that assesses 
anxiety states in rodents (Carobrez and Bertoglio, 2005; Salzberg 
et al., 2007; Walf and Frye, 2007). The maze is an elevated struc-
ture (1 m above ground) consisting of four intersecting arms. The 
arms of the maze are 50 cm long and 10 cm wide; the closed arms 
have walls on three sides that are 40 cm high while the open arms 
have none. The lighting in the middle of the maze was set at 90 
lux. On testing days rats were placed one by one in the center of 
the maze facing one of the open arms; each animal was allowed 
to explore freely for 5 min while its movement was video-tracked. 
Total distance traveled (meters) was used to measure changes in 
basic motor function. Time spent in the closed and open arms 
(seconds) was used to measure anxiety levels. All data from the maze 
were recorded using ANY-maze 4.2 Software (Stoelting Company, 
Wood Dale, IL, USA). The maze was cleaned with a 30% ethanol 
solution between each rat.

Barnes maze
Barnes maze represents an approved and less stressful alternative 
to the commonly used water maze test (Barnes, 1979; Maegele 
et al., 2005; Doll et al., 2009; Harrison et al., 2009). The maze is a 
circular platform (1.2 m in diameter) with 18 evenly spaced holes 
around the periphery. One of the holes is the entrance to a darkened 
escape box that is not visible from the surface of the board. Each 
rat was tested twice per day for five consecutive days to find the 
escape box (only day 1 of the first BM session had three trials). In 
each trial latency to locate and enter the escape box was measured 
(ANY-maze 4.2 Software, Stoelting Company, Wood Dale, IL, USA). 
During the first (teaching) trial of the first BM session, animals 
were trained to locate the escape chamber. Each animal was placed 
in the escape box and covered for 30 s; the escape box was then 
removed with the animal inside and moved to the center of the 
maze. The rat was removed from the box and allowed to explore 
the maze for a few seconds, after which the rat was returned to its 
home cage. No latency times were recorded for the teaching trials. 
The escape box and the maze were cleaned with a 30% ethanol 
solution between each trial. In the second trial the same rat was 
placed under a start box in the center of the maze for 30 s; the start 
box was then removed and the rat was allowed to explore freely to 
find the escape chamber. Training sessions ended after the animal 
had entered the escape box or when a pre-determined time (240 s) 
had elapsed. If the animal had not found the escape box during 
the given time period, it was placed in the escape box for 1 min at 
the end of the trial.

TISSUE COLLECTION AND PROCESSINg
At the conclusion of the last behavioral testing session (day 71 
post-blast or sham injury), animals were placed inside an induction 
chamber saturated with isoflurane and deeply anesthetized. For 
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STATISTICAL ANALySIS
Statistical analysis was performed using Graph Pad Instat soft-
ware. Behavioral test results were analyzed with ANOVA and 
Tukey post hoc tests. Differences were considered significant with 
a p value of 0.05. Proteomics data results were followed up with 
a one-way ANOVA (Gyorgy et al., 2010; Kwon et al., 2011) a sig-
nificance level of 0.05 was used throughout. No adjustment was 
made for multiple comparisons, thus, significant findings should 
be considered exploratory and in need of confirmation by further 
studies. IL-6 and IFNγ ELISA results were analyzed with Student 
t-test. Data are reported as the average ± SE of the mean. For each 
of our numerical measurements, we determined statistical signifi-
cance among experimental groups by (p < 0.05 depicted by one 
star; and p < 0.01 by two).

RESULTS
BEHAvIORAL CHANgES
Anxiety
We found that general locomotion decreased over the period of 
2 months in all experimental groups. Animals traveled less distances 
on day 66 post-injury (or sham) than day 15 at the beginning of the 
behavioral tests (Figure 2A). Among all experimental groups, NH-I 
animals traveled the least at all time points measured, however the 
values were only statistically significant at day 44 post-injury. EEN-I 
rats traveled greater distances than NH-I animals but the difference 
was not statistically significant.

At 15 days post-injury, injured animals (regardless of housing) 
spent less time in the open arms and more time in the closed arms 
of the EPM compared to NH-S animals; the differences were statis-
tically insignificant (Figures 2B,C). The difference in anxiety levels 
of NH-S and injured animals was the greatest at 44 days post-injury; 
animals in both EEN-I and NH-I groups spent substantially more 
time in the open arms and less time in the closed arms compared 
to the non-injured controls (Figures 2B,C).

At 66 days post-injury there were no significant differences 
among the experimental groups. All animals spent roughly the 
same amount of time in the closed arms as well as in the open 
arms of the maze independent of housing conditions or injury 
(Figures 2A–C).

Spatial learning and memory
The first testing session was performed between days 16 and 20 
post-injury or sham. We found that NH-I animals had significant 
difficulty in learning the task on the first day of BM compared to 
animals in the NH-S or EEN-I groups (Figure 3A). Rats in the 
EEN-I and NH-S groups performed similarly and significantly 
better than NH-I rats.

The second BM session was performed between days 45 and 
49 post-injury (or sham). Again, EEN-I rats performed similar 
to NH-S rats on every day of the testing period (Figure 3B). In 
contrast, rats in the NH-I group required more time to find the 
escape box every day of the testing session, however the difference 
was statistically insignificant.

The last BM testing session was performed between days 67 and 
71 post-injury. The performance of EEN-I animals was practically 
identical to NH-S animals (Figure 3C). NH-I animals required 
significantly longer times to locate the escape box on days 67, 68, 

in antibody incubation buffer for 1 h at room temperature (RT). 
After washing and drying, the fluorescent signals were measured by a 
Scan Array Express HT microarray scanner (Perkin Elmer, Waltham, 
MA, USA) using a 633-nm wavelength laser and a 647-nm filter; 
data were imported into a bioinformatics program.

Data analysis and bioinformatics
Data from the scanned images were imported into a Microsoft 
Excel-based bioinformatics program developed in house for analy-
sis (Gyorgy et al., 2010). The tool calculates total net intensity after 
local background subtraction for each spot. The intensity data from 
the dilution series of each sample were then plotted against dilution 
on a log–log graph. The linear regression of the log–log data was 
calculated after the removal of flagged data, which include signal to 
noise ratios of less than 2, spot intensities in the saturation range or 
noise range, or high variability between duplicate spots (>10−15%). 
The total amount of antigen is determined by the Y-axis intercept 
(Gyorgy et al., 2010).

INTERLEUkIN-6 AND INTERfERON gAMMA ELISA
Interferon gamma (IFNγ) and IL-6 levels were measured from brain 
tissues using the Rat IFNγ ELISA and the Rat IL-6 ELISA kits (both 
are from Thermo Fisher, Waltham, MA, USA). The IL-6 ELISA kit 
required a 1:5 dilution using the supplied dilution buffer in order to 
avoid saturation in the wells. After the dilution of brain samples, the 
assay was performed according to the manufacturer’s instructions.

HISTOLOgy
Immunohistochemistry
Sections from the PFC, DHC, and VHC were identified based on 
z-axis and morphology as described in the Chemoerchitectonic 
Atlas of The Rat Forebrain (Paxinos et al., 1999). The 1st and 10th 
sections were mounted on positively charged glass slides two sec-
tions per slide. Three slides per animal were selected per brain region 
for each immunostaining. Sections were equilibrated at RT and 
hydrated with 1 × PBS for 30 min. Antigen retrieval was performed 
by incubating in 10 mM citrate buffer (pH 6.0) at 80°C for 30 min 
followed by cooling down to RT. After rehydration with 1 × PBS, 
sections were permeabilized with 0.5% Triton X-100 in PBS for 1 h 
and blocked in 1 × PBS containing 5% normal goat serum (NGS), 
5% BSA, 0.1% Sodium Azide, and 0.5% Triton X-100 for 1 h. The 
same solution used for blocking, with the exception of NGS, was 
used to dilute the primary antibodies. Primary antibodies include 
mouse anti-GFAP (Millipore, Temecula, CA, USA) and rabbit anti-
Doublecortin (DCX; Cell Signaling Technology, Beverly, MA, USA). 
Sections were incubated with the primary antibodies overnight at 
4°C. After washing with 1 × PBS, secondary antibody (Alexa Fluor 
555 goat anti-mouse IgG or 488 goat anti-rabbit IgG was applied 
for 1 h at RT; 1 μg/ml of Hoechst 33342 (Molecular Probes, Eugene, 
OR, USA) was applied for 2 min for nuclear counterstaining and 
sections were coverslipped with anti-fading media (Vectashield, 
Vector Laboratories, Burlingame, CA, USA). Histological sections 
were visualized in an Olympus IX-71 microscope and images were 
collected using a SPOT digital camera (Diagnostic Instruments 
Inc., Sterling Heights, MI, USA). Immunofluorescent staining was 
acquired using the appropriate filters. The collected images were 
colored using TIFFany3rr Software.
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PROTEIN CHANgES
At the end of the last behavioral session, we analyzed changes in 
the expression of selected proteins in the AD, PFC, DHC, and VHC 
of animals in the various experimental groups using RPPA. NH-I 

69, and 71 post-injury. Interestingly, the behavior of NH-I animals 
in the last BM session was similar to the one measured during the 
first testing session. On the first day of BM, NH-I animals required 
the longest period of time to find the escape box.

A

B C

Figure 2 | Anxiety and basic motor function of animals in the various 
experimental groups. Elevated plus maze was used to measure changes in basic 
motor function and anxiety levels. Total distance traveled (meter) (A), duration of 
time spent (seconds) in open arms (B) and duration of time spent (second) in closed 

arms (C) were measured at 15, 44, and 66 days after mbTBI. Housing rats in EEN 
after mbTBI mildly improved motor function and reduced anxiety. *p < 0.05 and 
**p < 0.01 for NH-I versus NH-S. Data are presented as mean ± SEM. (NH-I, normal 
housed-injured; NH-S, normal housed-sham; EEN-I, enriched environment-injured).

A

B C

Figure 3 | Spatial learning and memory of animals in the various 
experimental groups. Barnes maze was used to determine spatial learning and 
memory performance. Latency times (second) to find the escape box were 
measured on days 16–20 (A), days 45–49 (B), and days 67–71 (C) after mbTBI. 

Housing rats in EEN after mbTBI significantly improved spatial memory. 
*p < 0.05 and **p < 0.01 for NH-I versus NH-S. Data are presented as 
mean ± SEM. (NH-I, normal housed-injured; NH-S, normal housed-sham; EEN-I, 
enriched environment-injured).
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CELLULAR CHANgES
Astrogliosis
We analyzed the DHC and the VHC at 71 days post-injury for GFAP 
expression to identify some of the cellular responses to injury and the 
effects of EEN. We found increased GFAP immunoreactivity in the VHC 
of NH-I animals compared to NH-S (Figures 5A–F). GFAP immu-
noreactive cells were located in the hilus of the VHC but many GFAP 
positive cells were also present in the dentate gyrus; these cells resembled 
reactive astrocytes with a stellar appearance and elaborate processes. 
Importantly, housing animals in EEN resulted in GFAP immunore-
activity similar to that of the DHC of NH-S animals, suggesting that 
EEN may mitigate the effect of injury on GFAP immunoreactivity.

Neurogenesis
To identify the potential effects of injury and EEN on de novo neu-
rogenesis, we analyzed the DHC and the VHC for DCX immunore-
activity. We found similar DCX immunoreactivity in the DHC and 
the VHC of NH-S animals (Figures 6A,D). We also found an appar-
ent increase in DCX immunoreactivity in the VHC of NH-I animals 
(Figure 6F). Many of these DCX immunoreactive cells displayed 
elaborate, branching processes (Figure 6C, insert). Interestingly, we 
observed the lowest DCX immunoreactivity in the DHC and the VHC 
of EEN-I animals. Conversely, the highest DCX immunoreactivity was 
in the DHC and the VHC of NH-I animals (compare Figures 6A–F).

DISCUSSION
Our study shows that the normalization of anxiety in a rodent 
model of bTBI can take more than 2 months after the insult, the 
process is independent of housing conditions and most likely 

animals had significantly elevated levels of Tau protein, a marker of 
axonal degeneration, in all brain regions compared to levels detected 
in the NH-S group (Figure 4). Importantly, housing injured animals 
in EEN resulted in a significant decrease in Tau levels in the DHC 
compared to those measured in the DHC of NH-S animals; no 
such decrease was detected in the DHC of NH-I animals. A similar 
decrease in Tau levels was observed in the PFC of EEN-I animals; 
no such effect of EEN was seen in the VHC or the AD.

Housing animals in EEN after injury had a similar effect on 
VEGF levels. EEN-I animals had decreased VEGF levels in the DHC 
but not in the VHC. In NH-I animals, VEGF levels increased in both 
the DHC and the VHC, but not in the AD or the PFC (Figure 4). 
Importantly, neither injury nor housing conditions had any sig-
nificant effect on VEGF levels in the AD or the PFC (Figure 4).

To assess the potential inflammatory response to injury and 
housing conditions, we measured IL-6 and IFNγ, molecules asso-
ciated with neuroinflammation in the same brain regions. Injury 
increased IL-6 concentrations in all brain regions except in the PFC 
of NH-I animals (Figure 4). Interestingly, housing injured animals 
in EEN restored IL-6 levels to NH-S levels in the VHC but not in 
the DHC. A similar trend was seen in the AD but the differences 
between EEN-I and NH-S animals were not statistically significant. 
Importantly, housing conditions had no effect on IL-6 values in 
the DHC; IL-6 remained elevated regardless of post-injury housing 
conditions compared to values measured in NH-S animals.

Injury had a similar effect on IFNγ levels; we measured elevated 
values in all brain regions except in the PFC (Figure 4). Interestingly, 
housing animals in EEN after injury restored IFNγ to control levels 
not only in the VHC and the AD, but also in the DHC.

Figure 4 | Protein markers in the AD, PFC, DHC, and the VHC of animals 
in the various experimental groups. Tissue extracts were prepared from 
dissected brain regions of NH-S, NH-I, and EEN-I rats. Tissue levels of 
selected protein markers were assayed using either RPPM or ELISA. The 

Y-axis intercept (Y-cept) and pg/ml (IL-6 and IFNγ) indicate measured protein 
levels. *p < 0.05 and **p < 0.01; data are presented as mean ± SEM. (NH-I, 
normal housed-injured; NH-S, normal housed-sham; EEN-I, enriched 
environment-injured).
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(Kwon et al., 2011). This illustrates that the pathophysiology as 
well as the recovery process after bTBI changes significantly over 
a longer period of time than previously thought.

Our findings indicate that increased anxiety resulting from 
bTBI should dissipate over time. However, epidemiological stud-
ies demonstrate that some individuals develop a chronic condition 
(Woon et al., 2010) with symptoms similar to post-traumatic stress 
disorder (PTSD; Gross and Hen, 2004; Yehuda and Ledoux, 2007). 
Previous studies have shown that hippocampal abnormalities can 
play a role in individuals’ vulnerability to the long-term effects 
of stress. According to human imaging studies, reduced hippoc-
ampal volume increases pathologic vulnerability to psychological 
trauma and the development of PTSD (Tischler et al., 2006). An 
in vivo imaging study indicates that CA3/DG volume is signifi-
cantly reduced in veterans with combat-related PTSD (Wang et al., 
2010). The abovementioned long-term animal study also showed 
significant morphological changes in the HC 6 months after injury 
(Liu et al., 2010a). Neuroanatomical substrates mediating anxiety 
include the HC in addition to the medial PFC and the AD (Bremner, 
2007; Liberzon and Sripada, 2008); anxiety possesses neurogenesis 
dependent and independent components (Sahay and Hen, 2007).

While the VHC is predominantly involved in mediating anx-
iety-related functions, the DHC mediates learning and memory 
(Henke, 1990; Moser et al., 1995). As opposed to the housing-
independent normalization of anxiety levels, the recovery of 

involves de novo neurogenesis. We found that anxiety was high at 
15 days and further increased at 44 days post-injury. Importantly, 
at 66 days the anxiety of animals was rather similar irrespective of 
housing conditions or injury. To our knowledge, our study is one of 
the very few that conducted behavioral assessments at various time 
points after injury over a 2-month period of time. Two months in 
rodent life roughly translates into a multi-year period of time for 
humans (Quinn, 2005). Thus, our findings may have implications 
for conducting longitudinal human clinical studies.

Our work also implicates studies that only measure the short-
term effects of TBI in that they may not be able to provide insight 
into the full effect of the insult and/or the various treatments tested. 
Therefore, our findings underline the importance of monitoring 
behavior at several time points post-injury in the same sets of 
animals. There are very few studies that examine neurobehavior 
following TBI for longer than 2 weeks and even less that assess 
behavior at several time points post-injury. A recent study (Liu 
et al., 2010b) using the lateral fluid percussion injury model in 
rats monitored behavior and performed in vivo imaging at 1, 3, 
and 6 months after injury. The study showed that a single insult 
is capable of triggering behavioral and morphological changes 
that evolve over several months. Using the same blast overpres-
sure TBI model in an independent study, we found that anxiety 
increased within the first 2 days after injury, reached a maximum 
at 1 month, and returned to normal levels at 2 months after bTBI 

Figure 5 | gFAP immunoreactivity in selected brain regions of animals 
in the various experimental groups. Frozen coronal sections containing the 
DHC and the VHC were cut and processed for immunohistochemistry using a 
GFAP antibody. DHC of NH-S (A), NH-I (B), and EEN-I (C) rats; VHC of NH-S 
(D), NH-I (e), and EEN-I (F) rats. Inlays magnify GFAP morphology. Scale bar 
(A–F) = 100 μm.

Figure 6 | The DCX immunoreactivity in selected brain regions of 
animals in the various experimental groups. Frozen coronal sections 
containing the DHC and the VHC were cut and processed for 
immunohistochemistry using a DCX antibody. DHC of (A) NH-S, (B) NH-I, and 
(C) EEN-I rats; VHC of (D) NH-S, (e) NH-I, and (F) EEN-I rats. Inlays magnify 
DCX cell body and process. Scale bar (A–F) = 200 μm.
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Enriched environment specifically normalized VEGF levels in 
the DHC but not in the VHC. VEGF is a signaling protein that 
promotes the development of new blood vessels (Neufeld et al., 
1999), regulates vascular permeability (Kaur and Ling, 2008), is 
associated with areas of growth or healing (Krum and Khaibullina, 
2003), and acts as a positive regulator of adult de novo hippocampal 
neurogenesis (Rosenstein and Krum, 2004; Yasuhara et al., 2004). 
VEGF is significantly upregulated by TBI (Jin et al., 2002; Lee and 
Agoston, 2009, 2010). We previously found that VEGF promotes 
survival in the injured brain by blocking apoptotic cell death of 
de novo hippocampal neurons rather than a proliferative factor (Lee 
and Agoston, 2009). Due to its complex role in de novo neurogenesis 
and in other aspects of the post-injury process, changes in VEGF 
levels in the DHC compared to the VHC are difficult to interpret 
without additional studies.

Independent of housing conditions, IL-6 levels remained ele-
vated after injury in the DHC, but were significantly lowered in 
the VHC of EEN animals. We found that IFNγ was elevated in the 
NH-I group, but decreased to control levels in the EEN-I group. 
These inflammatory molecules can have direct or indirect effects 
like increased neurotoxicity (Minagar et al., 2002). IL-6 is also a 
potent inhibitor of hippocampal de novo neurogenesis (Vallieres 
et al., 2002). The role of inflammation, including the role of micro-
glia in the post-injury recovery process is rather complex (Barron, 
1995; Kempermann and Neumann, 2003). Thus, whether elevated 
IL-6 levels contribute to the suppression of de novo neurogenesis 
in the DHC after bTBI remains to be established.

Our histological data showed brain region specific changes in 
GFAP immunoreactivity. Interestingly, housing conditions had no 
effect on GFAP immunoreactivity in the DHC, the VHC, or the 
AD at 71 days post-injury. However, housing injured animals in 
EEN resulted in an apparent decrease of GFAP positive cells in 
the VHC. Increased numbers of reactive astrocytes and elevated 
GFAP expression are hallmarks of CNS neurotrauma (Ridet et al., 
1997; Dihne et al., 2001; Kernie et al., 2001). The role of elevated 
GFAP immunoreactivity and the presence of stellar astroglia in 
CNS injury is rather complex. Astrocytic response can either reflect 
reparative or pathological processes depending on the time elapsed 
after injury (Eng and Ghirnikar, 1994; Mueller et al., 2005). There is 
evidence indicating a protective role of astrogliosis in reducing the 
toxic effects of extracellular glutamate and enabling barrier recon-
struction (Buffo et al., 2010). Elevated GFAP immunoreactivity in 
the VHC of injured animals may reflect reparative mechanisms 
that may involve de novo neurogenesis for the restoration of anxiety 
levels (Alvarez-Buylla and Garcia-Verdugo, 2002).

The full maturation and functional integration of de novo 
granule cells requires ∼6–8 weeks in the adult rodent brain 
(Kempermann et al., 2004). Newborn neurons, marked by DCX 
expression, migrate from the subgranular layer (SGL) to the granu-
lar cell layer (GCL) where many of the surviving neurons differ-
entiate into granule cells (Altman and Das, 1965; Cameron et al., 
1993). Some of the differentiated granule cells are then integrated 
into the existing hippocampal circuitry where they contribute to 
hippocampal function in the normal adult brain (Shors et al., 2001; 
Saxe et al., 2006). The rate of de novo hippocampal neurogenesis 
can be significantly upregulated by environmental conditions like 
EEN (Kempermann et al., 1997).

spatial memory after bTBI was clearly EEN dependent. The 
conception of EEN comes from Hebb’s (1947, 1949) research 
; EEN is an experimental model that provides multiple pos-
sibilities for physical and social interactions (Rosenzweig and 
Bennett, 1996; Van Praag et al., 2000; Puurunen and Sivenius, 
2002; Mora et al., 2007). In EEN, rats are usually housed in big 
multi-level cages containing a variety of toys, which are changed 
daily to provide opportunities for sensory and physical interac-
tion (Van Praag et al., 2000). The average rat number in EEN is 
8–12 rats per cage for social interaction purposes. EENs impart 
various learning experiences to animals such as motor learning 
through the exploration of new toys or objects in the cage, and 
spatial learning as they learn the place of water bottles, food, 
and toys. In addition to other social learning mechanisms as the 
rats interact with each other. EEN improved motor perform-
ance on a beam-walk task in adult rats after sensorimotor cortex 
lesions (Held et al., 1985; Gentile et al., 1987; Rose et al., 1987). 
Rats housed in larger EEN cages demonstrated better recovery 
of motor function than standard housed rats (Johansson, 1996), 
largely due to the space available for exploration and other activi-
ties. EEN improved spatial learning in a water maze task after 
moderate (Hamm et al., 1996) and severe fluid percussion brain 
injury (Passineau et al., 2001). EEN housing also enhanced cell 
genesis and microglia proliferation in adult murine neocortices 
(Ehninger and Kempermann, 2003).

Interestingly, the learning ability of EEN-I rats was significantly 
better than NH-I rats after 2 weeks only; day 16 was the first day 
of BM and rats had no pre-training before bTBI. Moreover, the 
performance of EEN-I rats was slightly better than that of control 
rats (NH-S). The positive effect of EEN was observed throughout 
the entire length of the study. This early improvement in spatial 
memory performance suggests that the positive effect of EEN did 
not involve de novo neurogenesis but rather the mitigation of the 
pathological processes induced by bTBI. Housing animals in EEN 
results in other complex molecular, morphological, and functional 
changes in the brain; these include increased synaptic plasticity 
and neuronal survival (Will et al., 2004). EEN can also induce the 
expression of various trophic factors and mitigate neuroinflamma-
tion (Shum et al., 2007) in addition to increasing the number of 
synapses per neuron and dendritic branching in the HC (Juraska 
et al., 1985; Juraska and Kopcik, 1988).

Some of our proteomics and immunohistochemical findings 
are consistent with the conclusion that EEN can exert its positive 
effects in a neurogenesis-independent manner. In our experiment, 
EEN normalized tau protein levels in the DHC but not in the VHC. 
Tau protein is a microtubule-associated protein that is involved 
in microtubule assembly and stabilization and is predominantly 
present in neurons and axons (Wilhelmsen, 1999); damaged axons 
may be an important source of amyloid-beta (Aβ) and Tau proteins 
following TBI (Marklund et al., 2009). Tau can become toxic and in 
turn lead to neuronal cell death. Therefore, increased Tau is a patho-
logical hallmark of many neurodegenerative disorders (Lasagna-
Reeves et al., 2010). The normalization of Tau levels by EEN suggests 
that EEN has a positive effect on axonal damage, a hallmark of bTBI 
(Buki and Povlishock, 2006; Farkas and Povlishock, 2007). Axonal 
damage can then result in neuronal malfunction and increased 
neuronal cell death.
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fast-acting effect on the restoration of spatial memory after bTBI 
probably through a neurogenesis-independent process. In contrast, 
post-injury normalization of anxiety levels seems to be independent 
of EEN but likely involves de novo neurogenesis. The latter being 
much longer than previously thought and investigated. Additional 
histological and proteomics analyses at multiple post-injury time 
points as well as the use of additional markers (e.g., quantitative 
BrdU/Prox1 double label immunohistochemistry) would clarify the 
precise involvement of de novo neurogenesis in the various aspects 
of the regenerative process following bTBI.
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The DCX has been shown to be a specific, reliable marker that 
reflects adult neurogenesis levels and its modulation (Couillard-
Despres et al., 2005). Importantly, the analysis of neurogenesis 
through the detection of DCX does not require in vivo labeling 
of proliferating cells. Even though it has been accepted that an 
increase in DCX+ cells indicate increased de novo hippocampal 
neurogenesis, DCX is only transiently expressed by de novo neurons 
(Kempermann and Gage, 2000; Kempermann, 2002a). Our find-
ing that DCX immunoreactivity was elevated in the VHC of NH-I 
animals can be interpreted as increased de novo neurogenesis in 
NH-I animals compared to EEN-I animals. However, an alternative 
interpretation can be that in EEN animals the neurogenetic process 
already passed the DCX positive phase. Thus, a more detailed BrdU/
Prox1 double immunohistochemical and stereological quantifica-
tion of the histology results is required to determine changes in 
de novo neurogenesis after EEN and blast.

In summary, our data suggests that complex neurogenesis 
dependent and independent processes are involved in functional 
recovery after bTBI. EEN appears to have a positive and relatively 
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APPENDIx

Figure A1 | Photograph of enriched environment housing condition.
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