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  35 
SUMMARY:  36 
This paper describes a novel model of primary blast traumatic brain injury. A compressed-air 37 
driven shock tube is used to expose in vitro mouse hippocampal slice cultures to a single shock 38 
wave. This is a simple and rapid protocol generating a reproducible brain tissue injury with a high 39 
throughput.  40 
 41 
ABSTRACT:  42 
Traumatic brain injury is a leading cause of death and disability in military and civilian 43 
populations. Blast traumatic brain injury results from the detonation of explosive devices, 44 
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however, the mechanisms that underlie the brain damage resulting from blast overpressure 45 
exposure are not entirely understood and are believed to be unique to this type of brain injury. 46 
Preclinical models are crucial tools that contribute to better understand blast-induced brain 47 
injury. A novel in vitro blast TBI model was developed using an open-ended shock tube to 48 
simulate real-life open-field blast waves modelled by the Friedlander waveform. C57BL/6N 49 
mouse organotypic hippocampal slice cultures were exposed to single shock waves and the 50 
development of injury was characterized up to 72 h using propidium iodide, a well-established 51 
fluorescent marker of cell damage that only penetrates cells with compromised cellular 52 
membranes. Propidium iodide fluorescence was significantly higher in the slices exposed to a 53 
blast wave when compared with sham slices throughout the duration of the protocol. The brain 54 
tissue injury is very reproducible and proportional to the peak overpressure of the shock wave 55 
applied.  56 
  57 
INTRODUCTION:  58 
Blast traumatic brain injury (TBI) is a complex type of brain injury that results from the detonation 59 
of explosive devices1,2. Blast TBI has emerged as a major health issue in the last 15 years with the 60 
recent military conflicts in Iraq and Afghanistan2,3. Overall, it is estimated that between 4.4% and 61 
22.8% of soldiers returning from Iraq and Afghanistan have suffered mild TBI, a large proportion 62 
of these being blast-related, with a higher reported rate of blast TBI in the US forces compared 63 
with the UK forces4,5. 64 
 65 
The use of improvised explosive devices has been responsible for most of the blast-associated 66 
trauma, including blast TBI, endured by the military forces6. The detonation of an explosive 67 
charge results in a very rapid, but transient, increase in pressure occurring in milliseconds. The 68 
resulting overpressure wave from a real-life free-field explosion is modelled by the Friedlander 69 
function, with a sudden rise to the peak overpressure followed by an exponential decay7,8. The 70 
range of extreme forces and their rapid time course seen in a blast event are usually not 71 
experienced in non-blast traumas1,9. The peak overpressure, which is the maximum pressure of 72 
the waveform, and the duration of the positive wave are believed to be important contributors 73 
to blast brain injury and these depend on the explosive charge and the distance from the 74 
detonation10,11.  75 
 76 
The trauma that results from an explosive blast is classified as four discrete components, 77 
designated as primary, secondary, tertiary and quaternary blast injury10,12-14. Each of these 78 
components is associated with specific mechanisms of injury. Primary blast injury results from 79 
the direct action of the overpressure wave on organs and tissues2,13. Secondary blast injury 80 
results from the impact of projectile fragments, causing penetrating and non-penetrating 81 
wounds2,15. Tertiary blast injury occurs when the victim’s body is displaced against the ground or 82 
surrounding objects and is associated with acceleration/deceleration forces1,10,13. Quaternary 83 
blast injury describes a heterogeneous group of injuries directly related to the explosion not 84 
covered by the first three injury mechanisms described12,13. It includes (but is not limited to) 85 
thermal injury, smoke inhalation, radiation, electromagnetic waves, and adverse psychological 86 
effects13,15. Most blast-associated TBI results directly from the first three mechanisms of injury, 87 
while the quaternary mechanisms of blast injury are usually associated with systemic injury13. 88 



   

The effects of acceleration/deceleration forces (e.g., whiplash), blunt and penetrating traumatic 89 
brain injury have been extensively studied in relation to other types of TBI (e.g., motor vehicle 90 
crashes, falls, ballistic injury). However, the primary blast overpressure wave is unique to blast 91 
injury and its effects on brain tissue are much less well understood16. The primary blast injury 92 
mechanisms, associated with an overpressure wave, are the first of the mechanical forces to 93 
interact with the brain.  94 
 95 
Numerous preclinical TBI models have been developed over the last decades that have been 96 
invaluable to understand blast TBI mechanisms of injury and pathophysiology and investigate 97 
potential new treatments, which would otherwise be impossible to do exclusively in the clinical 98 
setting17-19. Although no single preclinical model can reproduce the complexity of clinical blast 99 
brain trauma, typically different preclinical TBI models replicate distinct aspects of human TBI. 100 
The damaging action of the forces associated with a blast explosion can be studied in isolation or 101 
in combination in both in vitro and in vivo blast TBI models. In vitro models have the advantage 102 
of allowing a tight control of the experimental environment (tissue physiologic conditions and 103 
injury biomechanics), which reduces biological variability and improves reproducibility, 104 
permitting the study of specific molecular cascades without the confounders present in animal 105 
models20. Our goal was developed an in vitro model to investigate the effects of primary blast on 106 
brain tissue. We aimed to develop a model with a supersonic shockwave with a Friedlander 107 
waveform representative of a free-field explosion such as that produced by an improvised 108 
explosive device (IED).  109 
 110 
PROTOCOL:  111 
The experiments described in this manuscript were done in compliance with the United Kingdom 112 
Animals (Scientific procedures) Act of 1986 and have been approved by the Animal Welfare & 113 
Ethical Review Body of Imperial College London. Animal care was in compliance with the 114 
institutional guidelines of Imperial College London. 115 
 116 
1. Hippocampal Organotypic Slice Preparation and Culture 117 
 118 
Note: This protocol allows the production of organotypic hippocampal slices according to the 119 
interface method described by Stoppini and colleagues with minor modifications21-23. Ideally, no 120 
more than three animals should be euthanized and dissected in one session to ensure each step 121 
is done swiftly and to avoid compromising the quality of the slices. Use aseptic technique 122 
throughout.  123 
 124 
1.1. Ensure the following steps are taken before starting the dissection protocol. 125 
 126 

1.1.1. Prepare and filter sterilize all solutions in advance using a 0.22 m filter.  127 
 128 
1.1.2. Keep the solutions at 4 °C during the storage and throughout the brain dissection and 129 
hippocampal slice preparation by keeping the storage containers and Petri dishes on a metal heat 130 
sink sitting on wet ice at all times.  131 
 132 



   

1.1.3. Autoclave all metal instruments, rings and paper tissues. 133 
 134 
1.1.4. Ensure all instruments and material to be used for each step of the protocol are ready to 135 
use, laid out in advance and sprayed with 70% ethanol. Ensure that they are allowed to cool down 136 
and dry. 137 
 138 
1.2. Euthanize a 5-7 day-old C57BL/6N mouse pup by cervical dislocation and briefly wipe the 139 
whole skin surface with sterile paper tissue soaked in 70% ethanol. Pat the skin dry and 140 
decapitate the pup using Mayo scissors.  141 
 142 
1.3. Cut the scalp skin with iris scissors along the midline of the head starting in the occipital 143 
region and ending near the snout and retract it laterally.  144 
 145 
1.4. Insert the tip of Vannas scissors in the foramen magnum and make two small lateral cuts 146 
on the bone along the transverse sinuses, then cut the skull along the midline up to the olfactory 147 
bulb and make two small cuts perpendicularly to the midline in this region. 148 
  149 
1.5. Using fine point curved forceps, retract the flaps of bone laterally away from the midline, 150 
carefully remove the brain with a small spatula and transfer it to a 90 mm silicone elastomer-151 
coated Petri dish containing “dissection medium”. 152 
 153 
Note: Dissection medium is Gey’s balanced salt solution (5 mg/mL D-glucose, 1% antibiotic-154 
antimycotic solution, 10,000 units/mL penicillin, 10 mg/mL and 25 µg/mL amphotericin B).  155 
 156 
1.6. Remove the cerebellum and separate the cerebral hemispheres along the midline using a 157 
razor blade. Use a spatula to transfer the cerebral hemispheres to a new 90 mm silicone 158 
elastomer-coated Petri dish filled with fresh ice-cold dissection medium. If more than one animal 159 
is to be used in one session, repeat Steps 1.2-1.6.  160 
 161 
1.7. Under a stereomicroscope, cut the olfactory bulb and the tip of the frontal cortex with a 162 
razor blade and separate the cerebral cortex from the rest of the cerebral tissue using fine tip 163 
forceps. This step leaves the hippocampus exposed on the medial surface of the cortical tissue. 164 
From this step onward, use a laminar flow tissue culture hood (ultraviolet sterilized and cleaned 165 
with 70% ethanol solution). 166 
 167 
1.8. Apply ice-cold dissection medium to a flat plastic chopping disk and, using a spatula, 168 
position the brain tissue on the disk such that the medial surface of the cortex is facing up and 169 
the axis of the hippocampus is perpendicular to the axis of the chopping blade.  170 
 171 
1.9. Remove as much as possible of the dissection medium from the chopping disk using a fine 172 
tip Pasteur pipette.  173 
 174 
1.10. Cut the brain into 400 µm slices using a tissue chopper at a 50% chopping speed and force.  175 
 176 



   

Note: It is very important that this step is done as quickly as possible as the brain tissue is not 177 
submerged in dissection medium.  178 
 179 
1.11. Replace the dissection medium in the silicone elastomer-coated Petri dish with fresh ice-180 
cold medium.  181 
 182 
1.12. Once the tissue chopper is finished, carefully submerge the brain tissue in fresh dissection 183 
medium, and transfer the cut tissue back to the 90 mm silicone elastomer-coated Petri dish using 184 
a straight blade scalpel.  185 
 186 
1.13. Under a stereomicroscope, carefully separate the cortical slices using fine tip forceps. For 187 
each slice, inspect the hippocampus for morphology and potential tissue damage resulting from 188 
the dissection or slicing.  189 
 190 
1.14. Separate the hippocampi from the entorhinal cortex and from the fimbria using fine tip 191 
forceps and small Vannas scissors. Typically, around 6 to 8 hippocampal slices are generated per 192 
hemisphere. 193 
 194 
1.15. Transfer up to 6 hippocampal slices to a tissue culture insert using a cut Pasteur pipette 195 
and place it inside a 35 mm Petri dish. Ensure that the slices are spread a few millimeters apart 196 
(this will ensure each slice can be imaged individually).  197 
 198 
1.16. Immediately add ice-cold “growth medium” to the bottom of each Petri dish, under the 199 
tissue culture insert, just below the top of the tissue culture insert rim.  200 
 201 
Note: Growth medium contains 50% Minimum essential medium Eagle, 25% Hanks’ balanced salt 202 
solution, 25% horse serum, 5 mg/mL D-glucose, 2 mmol/L L-glutamine, 1% antibiotic-antimycotic 203 
solution, and 10 mmol/L HEPES, titrated to pH 7.2 with sodium hydroxide. 204 
 205 
1.17. Change the growth medium the day after the dissection and then every 2 to 3 days 206 
thereafter (use growth medium at 37 °C). Ensure that the growth medium is added in sufficient 207 
amount, but not so much that it overflows over the tissue culture insert membrane, which could 208 
compromise the viability of the tissue slices.  209 
 210 
1.18. Keep the tissue slices in a humidified incubator at 37 °C with 5% carbon dioxide in air for 211 
12 to 14 days prior to being used in experiments.  212 
 213 
2. Preparation of the Hippocampal Organotypic Slices for the Experimental Blast TBI 214 
Protocol 215 
 216 
Note: All the steps of this section, except imaging, take place in a laminar flow tissue culture 217 
hood.  218 
 219 
2.1. Insert the custom-made stainless-steel rings into a 6 well plate (one per well).  220 



   

 221 
Notes: The rings have a rim with a notch (which should sit in the 12 o’clock position) and fit snugly 222 
inside the wells, while the tissue culture inserts fit easily in this rim. Ensure that the rings are 223 
washed with a bactericidal disinfectant, thoroughly rinsed with purified water, autoclaved and 224 
allowed to cool down in advance.  225 
 226 
2.2. Fill the well of the 6-well plate with pre-warmed (37 °C) serum-free “experimental 227 
medium” with propidium iodide.  228 
 229 
Note: Experimental medium with propidium iodide is: 75% Minimum essential medium Eagle, 230 
25% Hanks’ balanced salt solution, 5 mg/mL D-glucose, 2 mmol/L L-glutamine, 1% antibiotic-231 
antimycotic solution, 10 mmol/L HEPES and 4.5 µmol/L propidium iodide, titrated pH to 7.2 with 232 
sodium hydroxide.  233 
 234 
2.3. Ensure that the level of the medium does not reach above the notch of the ring. Transfer 235 
the 6-well plate with the rings back to the incubator for 1 h to ensure that the medium is at 37 236 
°C immediately before the tissue culture inserts are transferred.  237 
 238 
2.4. Transfer the tissue culture inserts with the organotypic slices from the 35 mm Petri dishes 239 
into the 6-well plate with the rings and the experimental medium with forceps.  240 
 241 
2.5. Make a dot on the insert rim in the 3 o’clock position with a permanent marker pen.  242 
 243 
Note: The inserts are going to be removed from the 6-well plate during the experiment and this 244 
step facilitates returning the insert to its original position after the shock wave exposure and to 245 
easily keep track of each slice throughout the protocol. 246 
 247 
2.6. Label each 6-well plate with a unique name & date and make a map of the wells of each 248 
plate, naming each well (e.g., A, B, C, etc.) and each slice in each well (e.g., 1, 2, 3, etc.), so that 249 
each slice has a unique identifier (e.g., A1, A2, A3, etc.).  250 
 251 
2.7. Transfer the 6-well plate to the incubator for 1 h to ensure the slices are at 37 °C 252 
immediately before imaging.  253 
 254 
Note: Avoid overflow of medium or any bubbles of air underneath the tissue culture insert 255 
membrane, which could compromise the viability of the slices. 256 
 257 
2.8. 1 h after transferring to experimental medium, image each slice individually using a 258 
fluorescence microscope (2X objective, NA 0.06) fitted with an appropriate excitation (BP 535/50 259 
nm) and emission (LP 610 nm) filter to assess slice health before the injury protocol is carried out.  260 
 261 
Notes: The slices that exhibit areas of dense red staining at this stage should be considered to 262 
present compromised viability and should be excluded from further analysis (these typically 263 
represent less than 10% of the total number of slices generated). Ensure that imaging is 264 



   

performed in a sequential manner and as swiftly as possible to minimize the time that the slices 265 
are outside the incubator (typically 6 wells should take just under 30 min to image).  266 
 267 
2.9. Keep the lid of the 6-well plate on at all times. Some condensation may build up on the 268 
inside of the lid. If this happens, briefly use a hairdryer on the low setting.  269 
 270 
2.10. Ensure that all imaging conditions are identical on different days and between 271 
experiments.  272 
 273 
Note: The aim of imaging is to quantify the tissue fluorescence, hence this step is important to 274 
ensure the reproducibility of the results and allow the comparison of the data obtained. 275 
 276 
3. Submersion and Transport of the Tissue Culture Inserts with the Hippocampal 277 
Organotypic Slices 278 
 279 
3.1. Immediately after imaging, in a laminar flow hood, take one tissue culture insert out of 280 
the 6-well plate using forceps. 281 
 282 
3.2.  Carefully transfer the insert to a sterile polyethylene bag (3” x 5”) pre-filled with 20 mL 283 
of warm (37 °C) experimental medium freshly bubbled with 95% oxygen and 5% carbon dioxide.  284 
 285 
Note: Ensure that the oxygen and carbon dioxide enriched experimental medium was bubbled 286 
for at least 40 min with 95% oxygen and 5% carbon dioxide using a scintered-glass bubbler inside 287 
a Dreschel bottle and transferred into the sterile polyethylene bags inside a laminar flow tissue 288 
culture hood using a 20 mL syringe with a bacterial filter and a sterile filling tube (127 mm) 289 
attached. Seal the bags immediately and transfer then to a 37 °C incubator for at least 1 h before 290 
the tissue culture insert transfer. 291 
 292 
3.3. Ensure that each sterile bag is correctly labelled (with the plate and well identification). 293 
Repeat this step for each tissue culture insert. Exclude the air bubbles carefully upon sealing the 294 
sterile bags (done securely by twisting the top of the bags and by applying a plastic clamp).  295 
 296 
3.4. Return the sterile bags with the tissue culture inserts and the 6-well plates with 297 
experimental medium into the 37 °C incubator.  298 
 299 
3.5. After 1 h, carefully pack the sterile bags with the tissue culture inserts in plastic boxes 300 
inside a thermo-regulated box filled with de-ionized water at 37 °C in order to keep the 301 
organotypic slices at physiologic temperature throughout the shock wave exposure protocol.  302 
 303 
4. Preparation of the Shock Tube and Hippocampal Organotypic Slice Shock Wave 304 
Exposure 305 
 306 
4.1. Wear steel-toe protective boots, a laboratory coat and gloves during the preparation of 307 
the shock tube and the shock wave exposure. 308 



   

 309 
4.2. Bolt the sterile bag holder frame to the shock tube distal flange, ensuring that the central 310 
hole is aligned with the shock tube outlet (using a blanking rod).  311 
 312 
4.3. Mount two pressure transducers radially: sensor 1, in the middle part of the driven 313 
section and sensor 2 in the distal flange of the shock tube (Figure 1A). Connect the pressure 314 
transducers to an oscilloscope through a current source power unit. 315 
 316 
4.4. Ensure that all shock tube release valves and flow controls are closed.  317 
 318 
4.5. Open the external compressed air line and charge the solenoid valve to 2.5 bar. 319 
 320 
4.6. Open the compressed air cylinder safety valve and slowly open the pressure regulator to 321 
increase the pressure to approximately 5 bar. 322 
 323 
Note: The pressure set for this regulator should be slightly above the highest diaphragm bursting 324 
pressure.  325 
 326 

4.7. Prepare the diaphragms by cutting 23 m-thick polyester sheets into 10 x 10 cm squares. 327 
Prepare the handles using autoclave tape and sticking them to the top and bottom of each 328 
diaphragm.  329 
 330 
4.8. Position one diaphragm (single slot of the double breech – single diaphragm 331 
configuration) or two diaphragms (both slots of the double breech – double diaphragm 332 
configuration) in the breech (Figure 1B). 333 
 334 
4.9. Center the diaphragms, and clamp them using four M24 bolts and nuts, fastening them 335 
sequentially in a diagonally symmetric way, and ensuring that the diaphragms are wrinkle-free.  336 
 337 
4.10. Clamp each sterile bag individually in vertical position on the holder frame, ensuring that 338 
the surface of the tissue culture inserts with the organotypic hippocampal slices is facing the 339 
shock tube outlet and the tissue culture insert is centered inside the sterile bag (Figure 1C). Make 340 
sure that the sterile bag is securely clamped all around to ensure firm and even immobilization.  341 
 342 
4.11. Wear ear defenders and safety spectacles when pressuring the shock tube. Switch on the 343 
current source power unit and oscilloscope to acquire the shock wave data (an acquisition rate 344 
of 50 mega-samples/s, record length 20 ms, 1 million points) and close solenoid valve.  345 
 346 
4.12. Using the flow control knob on the shock tube control panel, slowly pressurize the driver 347 
volume section of the shock tube for single diaphragm configuration or both the driver volume 348 
section and the double breech section of the shock tube for double diaphragm configuration.  349 
 350 
Notes: For single diaphragm configuration, the burst pressure will depend only on the diaphragm 351 
material and thickness and the diaphragm will rupture spontaneously once the material bursting 352 



   

pressure is reached. For double diaphragm configuration, the bursting pressure will also depend 353 
on the gas pressure differential in both the driver and the double breech chambers and, for the 354 
diaphragms to burst in a controlled way, the double breech safety valve is opened manually once 355 
the target pressures are reached.  356 
 357 
4.13. As soon as the diaphragm ruptures (producing a loud noise), quickly close the compressed 358 
air flow using the flow knob and open the solenoid valve.  359 
 360 
Note: The total volume of the driver section can be modified by the insertion of blanking 361 
segments, allowing a wider range of shock wave peak overpressure and durations to be obtained. 362 
The ideal combination of shock wave parameters should be enough to cause tissue injury but not 363 
so high that it causes tissue culture insert or sterile bag distortion or rupture.  364 
 365 
4.14. Expose each sterile bag with a tissue culture insert to a single shock tube wave and return 366 
it immediately to the thermo-regulated box before a new sterile bag is taken from the box and 367 
clamped on the holder frame. Ensure that Steps 4.10-4.14 are performed as smoothly and swiftly 368 
as possible (within a few minutes) to prevent the experimental medium cooling down, as 369 
temperatures below 37 °C may interfere with injury development.  370 
 371 
4.15. Once all tissue culture inserts have been exposed to a shock wave (or sham protocol), 372 
return the tissue culture inserts to the original 6-well plate and to their respective well (inside a 373 
laminar flow tissue culture hood) and return to the incubator.  374 
 375 
4.16. Keep the 6-well plate in the incubator with 5% carbon dioxide in air at 37 °C until further 376 
imaging.  377 
 378 
4.17. Include sham controls for each experiment, together with the slice shock wave exposure.  379 

 380 
Note: Sham slices are treated identically to the slices exposed to a shock wave (sealed in the 381 
sterile bags with experimental medium, transported to the shock tube laboratory in the same 382 
thermo-regulated box and suspended on the metal frame for an equivalent period of time) but 383 
the shock tube is not fired. 384 
 385 
5. Hippocampal Organotypic Slice Injury Quantification  386 
 387 
5.1. At 24 h, 48 h and 72 h, image the slices as described in Steps 2.8 and 2.9. 388 
 389 
5.2. After imaging at 72 h post shock wave exposure, discard the tissue following local 390 
biological waste protocols and disinfect and autoclave the metal rings.  391 
 392 
REPRESENTATIVE RESULTS:  393 
The shock tube used in this method allows the generation of overpressure transients that 394 
simulate real-life open field explosions modelled by the Friedlander function7,8. Supersonic 395 
shockwaves with a velocity of 440 m/s (Mach 1.3) were obtained (Figure 1A). The waveform data 396 



   

reported is from sensor 2, positioned radially at the end of the driven section of the shock tube.  397 
 398 
Using the protocol described above, organotypic hippocampal slice cultures exposed to a single 399 
shock wave (Figure 2A) develop significant injury quantified using propidium iodide, a highly 400 
polar fluorescent dye that only penetrates the cells with compromised cellular membranes24,25 401 
(Figure 2B, C).  402 
 403 
Even under optimal conditions, and consistent to other OHSC published models21,22, there is a 404 
low level of background propidium iodide fluorescence due, in part, to minor damage resulting 405 
from the inherent tissue manipulations (such as media changes during the culture period or 406 
removal from the incubator for imaging). This blast TBI protocol involves substantial 407 
manipulation that includes the submersion of the slices in medium inside sterile bags and a 408 
considerable degree of handling during the shock wave exposure protocol (e.g., clamping the 409 
sterile bags to the holder frame). However, if all steps are performed carefully, this additional 410 
manipulation does not have an impact on the underlying health of the OHSC as no significant 411 
differences were seen between a control group of slices kept in the 6-well plates at all times (i.e., 412 
the inserts were not submerged or handled) and the sham group, which included slices that were 413 
submerged inside sterile bags clamped to the shock tube (Figure 2B). 414 
 415 
The two shock waves chosen, at 50 kPa and 55 kPa peak overpressure, produced significant 416 
(p<0.05 and p<0.0001, respectively) and reproducible injury when compared to the uninjured 417 
sham slices at all time-points after the blast exposure protocol (Figure 2B) without causing any 418 
damage to the tissue culture inserts or the sterile bags. In order to determine the sensitivity of 419 
the model to small differences in peak-overpressure, we decided to select values that were 420 
different by ~10 %. These results also show that, as expected, the injury resulting from 55 kPa is 421 
higher than that after a 50 kPa shock wave.  422 
 423 
The data are expressed as mean ± standard error of the mean. Significance was assessed using a 424 
2-way repeated measures analysis of variance using Holm-Sidak post hoc test. Factor 1 was group 425 
(control, sham, blast) and factor 2 was time after the injury (-1 h, 24 h, 48 h and 72 h), where 426 
factor 1 was the repeated factor. The adjustment of p value for multiple comparisons was used. 427 
P values of less than 0.05 were taken to indicate a significant difference between groups. 428 
Statistical tests were implemented using a graphing and statistics software package.  429 
 430 
FIGURE LEGENDS:  431 
Figure 1. Schematic of the shock tube device with the sterile bag holder frame. (A). The shock 432 
tube is a 3.8 m long stainless-steel tube, made of three 1.22 m long sections, connected by 433 
gaskets and flanges, with an internal diameter of 59 mm. (B) Inset shows the double breech 434 
assembly. One or two Mylar diaphragms can be clamped in the assembly with seal provided by 435 
rubber o-rings. (C) Sterile bag holder frame. The body of the frame consists of two metal plates 436 
with a centered circular hole (59 mm diameter) that aligns with the shock tube outlet. Two thin 437 
(4 mm) sheets of silicone elastomer are fitted between the two metal plates. The purpose of 438 
these sheets is to provide an even and non-slippery surface to clamp the sterile bags. The distance 439 
between the bag and the outlet of the shock tube is 7 cm. 440 



   

 441 
Figure 2. Typical shockwave and resulting injury in organotypic hippocampal slice cultures. (A) 442 
Representative example of shock wave obtained using 23 µm-thick polyester film, 2.16 bar burst 443 
pressure, 55 kPa peak overpressure, 0.4 ms positive wave duration, 10.1 kPa·ms impulse. 444 
Waveform data were obtained from a sensor 2 radially mounted on the distal flange of the shock 445 
tube driven section. The shock wave velocity was 440 m/s (Mach 1.3). (B) The development of 446 
injury is proportional to the intensity of the shock wave. Both 50 kPa and 55 kPa peak 447 
overpressure shock waves caused significant injury that developed throughout the 72-h protocol 448 
when compared with the sham group. The injury resulting from a 55 kPa peak overpressure wave 449 
exposure was significantly higher than after 50 kPa at 48 h and 72 h. Bars represent mean values 450 
and error bars are standard errors (n = 7, controls; n = 48, sham; n = 30, blast 50 kPa; n = 51, blast 451 
55 kPa; n = number of slices, from 6 separate experiments). *p<0.05, ****p<0.0001 compared 452 
with sham. #p<0.05, ##p<0.01 compared with blast 55 kPa. (C) Representative propidium iodide 453 
fluorescence images of organotypic slices from (i) sham, (ii) blast 50 kPa and (iii) blast 55 kPa 454 
groups at 72 h after injury. The sham slice shows low levels of fluorescence, i.e., injury, and the 455 
blast exposed slices show high levels of diffuse injury, more pronounced on the 55 kPa peak 456 
overpressure exposed slice (scale bar = 500 µm). 457 
 458 
DISCUSSION:  459 
Among all the mechanisms of injury associated with blast TBI (primary, secondary and tertiary 460 
blast injury mechanisms), primary blast injury is unique to blast trauma and it is the least 461 
understood of the blast-associated mechanisms1,2. The novel protocol described here was 462 
developed to study primary blast TBI using an open-ended shock tube to expose in vitro mouse 463 
hippocampal slice cultures to a single shock wave using a simple and rapid protocol that allows 464 
the creation of a reproducible primary blast TBI with a high throughput.  465 
 466 
The first in vitro primary blast TBI models applied hydrostatic pressure waves to cells26,27. 467 
However, the pressure output did not model the Friedlander function as the duration of a 468 
hydrostatic pressure pulse was much longer than airborne blast overpressure waves13. The 469 
characteristic Friedlander function can be easily modelled in the laboratory using a shock tube1,8. 470 
The shock tube can produce shock waves that simulate real-life open field explosions in a 471 
conventional laboratory environment, while allowing the precise control of wave parameters, 472 
such as peak overpressure, positive wave duration and impulse, by varying the diaphragm 473 
material and thickness, and the driver volume8,28,29. 474 
 475 
Simple in vitro models such as cell cultures usually lack the heterogeneity of cell types and 476 
synaptic connectivity30. Recently, the effect of blast on in vitro brain cell ‘spheroids’ incorporating 477 
different cell types has been investigated31. Further investigation of these interesting 478 
preparations is merited; however, it is not clear how their cellular organization and connectivity 479 
mirrors the intact brain. OHSC are a well-established in vitro experimental model23,32, are easy to 480 
culture and their three-dimensional tissue cytoarchitecture, cell differentiation and synaptic 481 
connectivity are well preserved and very similar to that in vivo33-36. OHSCs represent an 482 
intermediate level of complexity between cell culture and an in vivo model23,32. OHSCs have been 483 
demonstrated to reproduce in vitro pathological neurodegenerative cascades seen in in vivo 484 



   

models and have been very useful in the screening of potential neuroprotective drugs and in 485 
understanding their mechanisms of action17,21,22,37,38. Finally, the anatomic area studied, the 486 
hippocampus, is highly relevant in translational TBI studies, as this region is frequently damaged 487 
in TBI patients39-41. OHSC have been used to model blast TBI28,42-44, however, our model is 488 
relatively simple and can be adapted to existing shock-tubes in either horizontal or vertical 489 
configurations without complex adaptations.  490 
 491 
OHSC can be kept in culture for many days, which facilitates the investigation of biological 492 
processes over time34. In this model, the tissue injury that resulted from shock wave exposure 493 
was measured daily over three days, following the blast exposure using propidium iodide, a well-494 
established marker of cell damage. Propidium iodide is a nontoxic highly polar dye that 495 
penetrates the cells with compromised cellular membranes, where it binds to nucleic acids and 496 
exhibits a characteristic bright red fluorescence24,25,45. The fluorescence measured with 497 
propidium iodide shows a good correlation with injured cell count using Nissl staining46,47.  498 
 499 
Given that the injury produced in this model was diffuse (Figure 2C), the fluorescence of the 500 
whole slice was measured when performing the analysis, similar to previously published work in 501 
other brain injury paradigms21,22, instead of using specific regions, as has been done in other in 502 
vitro blast TBI models28,43,44,48. The global approach used in the model described in this article 503 
also eliminates the potential variability that is introduced when outlining defined regions of 504 
interest and provides a more comprehensive picture of the blast-related injury. Both shock wave 505 
peak overpressures, 50 kPa and 55 kPa, produced significant (p<0.05 and p<0.0001, respectively) 506 
injury when compared to sham slices (Figure 2 B). As anticipated, the shock wave with the highest 507 
peak overpressure, 55 kPa, produced more injury than the 50 kPa wave. In an in vitro model with 508 
isolated brain tissue directly exposed to a shockwave, how to accurately scale to the whole 509 
organism or a human being is not straightforward. Nevertheless, the shockwaves we used are 510 
within the range of peak overpressures observed in the field, typically 50 – 1000kPa8,49.  511 
  512 
In order to maintain the OHSC exposed to physiologic temperature and  the levels of oxygen and 513 
carbon dioxide, while ensuring that they were free from contamination throughout the shock 514 
wave exposure protocol, the tissue culture inserts were sealed into sterile polyethylene bags 515 
following an aseptic technique, submerged in experimental medium warmed to 37 °C and freshly 516 
bubbled with 95% oxygen and 5% carbon dioxide, similarly to previously published work28,43,44,48. 517 
Contrary to these models where complex devices were used to hold the sterile bags during shock 518 
wave exposure, in this protocol, a simple and rapid method was used to suspend the OHSC tissue 519 
culture inserts in front of the shock tube outlet (Figure 1A, C). The model described in this paper 520 
allows rapid processing and high throughput, while minimizing the risk hypothermia. These 521 
aspects are particularly relevant for neuroprotection studies given that some therapeutic 522 
interventions may have a very limited time window of potential application after TBI. This novel 523 
shock wave exposure protocol allows 6 to 9 tissue culture inserts (typically 36 to 54 hippocampal 524 
organotypic tissue slices) to be exposed to a shock wave in a short interval of time (approximately 525 
1 h).  526 
 527 
The OHSCs require good aseptic technique throughout. It is important to use an aseptic laminar 528 



   

flow hood throughout the culturing and when transferring to the sterile bags for blast. In order 529 
to carry out the slice imaging under aseptic conditions with the lids of the 6-well plates in place, 530 
we use custom-made metal rings to raise the cell culture inserts to the focal plane of the 531 
microscope. An important part of our protocol is that we include uninjured sham slices in every 532 
experiment. Sham slices are treated identically to blast slices with the exception that the shock-533 
tube is not fired pre-imaging; another important step is that all slices are imaged 1 h before injury 534 
or sham treatment, to ensure that the health of the population of slices used are identical (Figure 535 
2B). 536 
 537 
In addition to quantifying cell injury in the slices over time, the tissue can be fixed at the end of 538 
the experiment for conventional immunohistochemistry50. We developed and evaluated the 539 
method using mouse hippocampal slices. However, our technique could be easily adapted to use 540 
other tissue that can be grown in culture, such as spinal cord, retina, lung or epithelial tissue. In 541 
this paper and our previous work with the model, we investigated only the effect of exposure to 542 
a single blast. However, the model would be well suited to investigate the effects of repeated 543 
low-level blasts on brain or other tissue. OHSCs can be kept in culture for many weeks or even 544 
months, allowing chronic effects to be investigated. 545 
 546 
In vitro models, being simpler than in vivo models, have a higher throughput, are less expensive 547 
and experiments can usually be completed on a shorter time scale17. However, the results 548 
obtained using in vitro models need to be validated in animal models as in vitro cultured tissues 549 
are kept in an artificial environment and may respond to injury differently from what they would 550 
in vivo17. Nonetheless, in vitro models have been extremely valuable in increasing our 551 
understanding of brain injury cascades and in screening neuroprotective drugs before the use of 552 
more complex in vivo models17,22,51,52. Despite the many advantages offered by this model, it is 553 
important to note that in vitro models lack the key features of TBI present in animals and in vivo 554 
models, such as the effects on vascular system, increased intracranial pressure, systemic immune 555 
response and functional behavioral impairment, which highlights the need to validate the results 556 
found in in vitro models in the whole animal. Nevertheless, in vitro models such as the model 557 
described in this paper are extremely useful translationally relevant scientific tools.  558 
 559 
In conclusion, this work describes a simple and straightforward novel method where mouse 560 
organotypic hippocampal tissue cultures are exposed to tightly controlled and reproducible real-561 
life relevant shock waves using a laboratory shock tube. The resulting global injury, which was 562 
quantified using propidium iodide, a well-established marker of cell damage, is very reproducible 563 
and is proportional to the peak overpressure of the shock waves applied.  564 
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each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE's copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.
5. Grant of Rights in Video - Standard Access. This 
Section 5 applies if the "Standard Access" box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.
6. Grant of Rights in Video - Open Access. This
Section 6 applies only if the "Open Access" box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats. 
7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be

deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute.  
8. Protection of the work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.
9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author's name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.
11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author's
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole



ARTICLE AND VIDEO LICENSE AGREEMENT - UK 

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945.9051. 

discretion andwithout giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author's institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney's
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney's fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author's or the Author's institution's
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contaminationdue to
the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or

decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author's expense. All indemnifications provided herein 
shall include JoVE's attorney's fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors.  
13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.
14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.
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Dear Dr Wu, 
 

Thank you for the opportunity to submit a revised version of our manuscript “A novel in vitro 
model of blast traumatic brain injury” by Rita Campos-Pires et al.  
 
We have revised the manuscript to address the remaining Editorial comments.  We enclose a copy 
of the revised manuscript, with the changes marked in red, together with detailed responses to the 
Editorial comments shown in blue below. 
 
We believe the manuscript has been improved as a result of the reviewing process.  We trust that 
the revised manuscript will be suitable for publication in JOVE.  We look forward to hearing from 
you. 
 
Best wishes, 
 
Robert Dickinson 
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Editorial comments: 
 

The manuscript has been modified and the updated manuscript, 58400_R2.docx, is attached and 

located in your Editorial Manager account. Please use the updated version to make your 

revisions. 
 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. 

Thank you, we have carefully proof read the manuscript. 
 
2. Please use the updated version to make your revisions. 
 
Thank you, we apologise for this confusion.  We have now revised and edited the updated version 
of the Word document, now renamed 58400R3. 
 
3. The highlighted protocol steps are over 2.75 pages (including the spacing and headings). Please 
adjust the highlighting. 
 
Thank you, the highlighted protocol steps are now 2.72 pages (including spacing and headings), 
but excluding ‘notes’ and step 4.16 which is no longer highlighted. 

 

4. Step 3.2: Please split this step into two or more sub-steps. 

Thank you.  The last 6 lines of that ‘step’ are a ‘note’.  This was in the submitted version and now 
in this revised version. 

 

5. Please do not include the figures in the manuscript. All figures should be uploaded to your 

Editorial Manager account separately. 

Thank you.  We apologise for this confusion.  The Figures are uploaded separately and have now 
been removed from the document text.  

 

6. Please sign the new Author License Agreement and upload it to your Editorial Manager account. 

 
 Thank you.  We have uploaded a new signed and dated Author Licence Agreement. 
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