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SUMMARY: 
This paper describes a novel model of primary blast traumatic brain injury. A compressed-air driven shock tube is used to expose in vitro mouse hippocampal slice cultures to a single shock wave. This is a simple and rapid protocol generating a reproducible brain tissue injury with a high throughput.  

ABSTRACT: 
Traumatic brain injury is a leading cause of death and disability in military and civilian populations. Blast traumatic brain injury results from the detonation of explosive devices, however the mechanisms that underlie brain damage resulting from blast overpressure exposure are not entirely understood and are believed to be unique to this type of brain injury. Preclinical models are crucial tools that contribute to better understand blast-induced brain injury. A novel in vitro blast TBI model was developed using an open-ended shock tube to simulate real-life open-field blast waves modelled by the Friedlander waveform. C57BL/6N mouse organotypic hippocampal slice cultures were exposed to single shock waves and the development of injury was characterized up to 72 h using propidium iodide, a well-established fluorescent marker of cell damage that only penetrates cells with compromised cellular membranes. Propidium iodide fluorescence was significantly higher in slices exposed to a blast wave when compared with sham slices throughout the duration of the protocol. The brain tissue injury is very reproducible and proportional to the peak overpressure of the shock wave applied. 
 
INTRODUCTION: 
Blast traumatic brain injury (TBI) is a complex type of brain injury that results from the detonation of explosive devices1,2. Blast TBI has emerged as a major health issue in the last 15 years with the recent military conflicts in Iraq and Afghanistan2,3.   Overall it is estimated that between 4.4 % and 22.8 % of soldiers returning from Iraq and Afghanistan have suffered mild TBI, a large proportion of these being blast-related, with a higher reported rate of blast TBI in the US forces compared with the UK forces4,5.

The use of improvised explosive devices has been responsible for most of the blast-associated trauma, including blast TBI, endured by the military forces6. The detonation of an explosive charge results in a very rapid, but transient, increase in pressure occurring in milliseconds. The resulting overpressure wave from a real-life free-field explosion is modelled by the Friedlander function, with a sudden rise to the peak overpressure followed by an exponential decay7,8. The range of extreme forces and their rapid time course seen in a blast event are usually not experienced in non-blast traumas1,9.  The peak overpressure, which is the maximum pressure of the waveform, and the duration of the positive wave are believed to be important contributors to blast brain injury and these depend on the explosive charge and the distance from the detonation10,11.  

The trauma that results from an explosive blast is classified as having four discrete components, designated as primary, secondary, tertiary and quaternary blast injury10,12-14. Each of these components is associated with specific mechanisms of injury. Primary blast injury results from the direct action of the overpressure wave on organs and tissues2,13. Secondary blast injury results from the impact of projectile fragments, causing penetrating and non-penetrating wounds2,15. Tertiary blast injury occurs when the victim’s body is displaced against the ground or surrounding objects and is associated with acceleration/deceleration forces1,10,13. Quaternary blast injury describes a heterogeneous group of injuries directly related to the explosion not covered by the first three injury mechanisms described12,13. It includes (but is not limited to) thermal injury, smoke inhalation, radiation, electromagnetic waves, and adverse psychological effects13,15. Most blast-associated TBI results directly from the first three mechanisms of injury, while the quaternary mechanisms of blast injury are usually associated with systemic injury13. The effects of acceleration/deceleration forces (e.g. whiplash), blunt and penetrating traumatic brain injury have been extensively studied in relation to other types of TBI (e.g. motor vehicle crashes, falls, ballistic injury).  However, the primary blast overpressure wave is unique to blast injury and its effects on brain tissue are much less well understood16.  The primary blast injury mechanisms, associated with an overpressure wave, are the first of the mechanical forces to interact with the brain. 

Numerous preclinical TBI models have been developed over the last decades that have been invaluable to understand blast TBI mechanisms of injury and pathophysiology and investigate potential new treatments, which would otherwise be impossible to do exclusively in the clinical setting17-19. Although no single preclinical model can reproduce the complexity of clinical blast brain trauma, typically different preclinical TBI models replicate distinct aspects of human TBI. The damaging action of the forces associated with a blast explosion can be studied in isolation or in combination in both in vitro and in vivo blast TBI models. In vitro models have the advantage of allowing a tight control of the experimental environment (tissue physiologic conditions and injury biomechanics), which reduces biological variability and improves reproducibility, permitting the study of specific molecular cascades without the confounders present in animal models20.   Our goal was develop an in vitro model to investigate the effects of primary blast on brain tissue. We aimed to develop a model with a supersonic shockwave with a Friedlander waveform representative of a free-field explosion such as that produced by an improvised explosive device (IED). 

PROTOCOL: 
The experiments described in this manuscript were done in compliance with the United Kingdom Animals (Scientific procedures) Act of 1986 and have been approved by the Animal Welfare & Ethical Review Body of Imperial College London. Animal care was in compliance with the institutional guidelines of Imperial College London.

1. [bookmark: _Toc447957317][bookmark: _Toc510638344]Hippocampal organotypic slice preparation and culture

Note: This protocol allows the production of organotypic hippocampal slices according to the interface method described by Stoppini and colleagues with minor modifications21-23. Ideally, no more than three animals should be euthanized and dissected in one session to ensure each step is done swiftly and to avoid compromising the quality of the slices. Use aseptic technique throughout. 

1.1. Ensure the following steps are taken before starting the dissection protocol: 

1.1.1. Prepare and filter sterilize all solutions in advance using a 0.22 m filter. 

1.1.2. Keep solutions cooled at 4 °C during storage and throughout the brain dissection and hippocampal slice preparation by keeping storage containers and Petri dishes on a metal heat sink sitting on wet ice at all times. 

1.1.3. Autoclave all metal instruments, rings and paper tissues.

1.1.4. Ensure all instruments and material to be used for each step of the protocol are ready to use, laid out in advance and sprayed with 70% ethanol (ensure they are allowed to cool down and dry before contact with brain tissue).

1.2. Euthanize a 5-7 day-old C57BL/6N mouse pup by cervical dislocation and briefly wipe the whole skin surface with a sterile paper tissue soaked in 70 % ethanol. Pat the skin dry and decapitate the pup using Mayo scissors. 

1.3. Cut the scalp skin with iris scissors along the midline of the head starting in the occipital region and ending near the snout and retract it laterally. 

1.4. Insert the tip of a Vannas scissors in the foramen magnum and make two small lateral cuts on the bone along the transverse sinuses, then cut the skull along the midline up to the olfactory bulb and make two small cuts perpendicularly to the midline in this region.
 
1.5. Using fine point curved forceps, retract the flaps of bone laterally away from the midline, carefully remove the brain with a small spatula and transfer it to a 90 mm silicone elastomer-coated Petri dish containing “dissection medium”.

Note: Dissection medium is Gey’s balanced salt solution; 5 mg/mL D-glucose; 1% antibiotic-antimycotic solution, with 10,000 units penicillin, 10 mg streptomycin and 25 µg amphotericin B per mL. 

1.6. Remove the cerebellum and separate the cerebral hemispheres along the midline using a razor blade. Use a spatula to transfer the cerebral hemispheres to a new 90 mm silicone elastomer-coated Petri dish filled with fresh ice-cold dissection medium. If more than one animal is to be used in one session, repeat steps 1.2.to 1.6. 

1.7. Under a stereomicroscope cut the olfactory bulb and the tip of the frontal cortex with a razor blade and separate the cerebral cortex from the rest of the cerebral tissue using fine tip forceps. This step leaves the hippocampus exposed on the medial surface of the cortical tissue. From this step onward, use a laminar flow tissue culture hood (ultraviolet sterilized and cleaned with 70 % ethanol solution).

1.8. Apply ice-cold dissection medium to a flat plastic chopping disk and, using a spatula, position the brain tissue on the disk such that the medial surface of the cortex is facing up and the axis of the hippocampus is perpendicular to the axis of the chopping blade. 

1.9. Remove as much as possible of dissection medium from the chopping disk using a fine tip Pasteur pipette. 

1.10. Cut the brain into 400 µm slices using a tissue chopper at a 50 % chopping speed and force. 

Note: It is very important that this step is done as quickly as possible as the brain tissue is not submerged in dissection medium.  

1.11. Replace the dissection medium in the silicone elastomer-coated Petri dish with fresh ice-cold medium. 

1.12. Once the tissue chopper is finished, carefully submerge the brain tissue in fresh dissection medium, and transfer the cut tissue back to the 90 mm silicone elastomer-coated Petri dish using a straight blade scalpel. 

1.13. Under a stereomicroscope, carefully separate the cortical slices using fine tip forceps. For each slice, inspect the hippocampus for morphology and potential tissue damage resulting from the dissection or slicing. 

1.14. Separate the hippocampi from the entorhinal cortex and from the fimbria using fine tip forceps and small Vannas scissors. Typically, around 6 to 8 hippocampal slices are generated per hemisphere.

1.15. Transfer up to 6 hippocampal slices to a tissue culture insert using a cut Pasteur pipette and place it inside a 35 mm Petri dish. Ensure the slices are spread a few millimeters apart (this will ensure each slice can be imaged individually). 

1.16. Immediately add ice-cold “growth medium” to the bottom of each Petri dish, under the tissue culture insert, just below the top of the tissue culture insert rim. 

Note: Growth medium is: 50% Minimum essential medium Eagle, 25% Hanks’ balanced salt solution, 25% horse serum, 5 mg/mL D-glucose, 2 mmol/L L-glutamine, 1% antibiotic-antimycotic solution, 10 mmol/L HEPES; titrated to pH 7.2 with sodium hydroxide.

1.17. Change growth medium the day after the dissection and then every 2 to 3 days thereafter (use growth medium at 37 °C). eEnsure the growth medium is added in sufficient amount, but not so much that it overflows over the tissue culture insert membrane, which could compromise the viability of the tissue slices. 

1.18. Keep the tissue slices in a humidified incubator at 37 °C with 5 % carbon dioxide in air for 12 to 14 days prior to being used in experiments.  

2. Preparation of the hippocampal organotypic slices for the experimental blast TBI protocol

Note: All the steps of this section, except imaging, take place in a laminar flow tissue culture hood. 

2.1. Insert custom-made stainless-steel rings into a 6 well plate (one per well). 

Notes: #1 The rings have a rim with a notch (which should sit in the 12 o’clock position) and fit snugly inside the wells, while the tissue culture inserts fit easily in this rim. #2 Ensure the rings are washed with a bactericidal disinfectant, thoroughly rinsed with purified water, autoclaved and allowed to cool down in advance. 

2.2. Fill the well of the 6-well plate with pre-warmed (37 °C) serum-free “experimental medium” with propidium iodide. 

Note: Experimental medium with propidium iodide is: 75% Minimum essential medium Eagle; 25% Hanks’ balanced salt solution; 5 mg/mL D-glucose; 2 mmol/L L-glutamine; 1% antibiotic-antimycotic solution; 10 mmol/L HEPES; 4.5 µmol/L propidium iodide; titrate pH to 7.2 with sodium hydroxide. 

2.3. Ensure the level of the medium does not reach above the notch of the ring. Transfer the 6-well plate with the rings back to the incubator for 1 h to ensure the medium is at 37 °C immediately before the tissue culture inserts are transferred. 

2.4. Transfer the tissue culture inserts with the organotypic slices from the 35 mm Petri dishes into the 6-well plate with the rings and the experimental medium with forceps. 

2.5. Make a dot on the insert rim in the 3 o’clock position with a permanent marker pen. 

Note: The inserts are going to be removed from the 6-well plate during the experiment and this step facilitates returning the insert to its original position after shock wave exposure and to easily keep track of each slice throughout the protocol.

2.6. Label each 6-well plate with a unique name & date and make a map of the wells of each plate, naming each well (e.g., A, B, C, etc.) and each slice in each well (e.g., 1, 2, 3, etc.), so that each slice has a unique identifier (e.g., A1, A2, A3, etc.). 

2.7. Transfer the 6-well plate to the incubator for 1 h to ensure the slices are at 37 °C immediately before imaging. 

Note: Avoid overflow of medium or any bubbles of air underneath the tissue culture insert membrane, which could compromise the viability of the slices.

2.8. 1 h after transfer to experimental medium image each slice individually using a fluorescence microscope (2x objective, NA 0.06) fitted with an appropriate excitation (BP 535/50 nm) and emission (LP 610 nm) filter) to assess slice health before the injury protocol is carried out. 

Notes: #1 Slices that exhibit areas of dense red staining at this stage should be considered to present compromised viability and should be excluded from further analysis (these typically represent less than 10 % of the total number of slices generated). #2 Ensure imaging is done in a sequential manner and as swiftly as possible to minimize the time slices are outside the incubator (typically 6 wells should take just under 30 min to image). 

2.9. Keep the lid of the 6-well plate on at all times. Some condensation may build up on the inside of the lid. If this happens, briefly use a hairdryer on the low setting. 

2.10. Ensure all imaging conditions are identical on different days and between experiments. 

Note: The aim of imaging is to quantify the tissue fluorescence, hence this step is important to ensure reproducibility of results and allow comparison of the data obtained.

3. Submersion and transport of the tissue culture inserts with the hippocampal organotypic slices

3.1. Immediately after imaging, in a laminar flow hood, take one tissue culture insert out of the 6-well plate using forceps.

3.2.  Carefully transfer the insert to a sterile polyethylene bag (3” x 5”) pre-filled with 20 mL of warm (37 °C) experimental medium freshly bubbled with 95 % oxygen and 5 % carbon dioxide. 

Note: Ensure the oxygen and carbon dioxide enriched experimental medium was bubbled for at least 40 min with 95 % oxygen and 5% carbon dioxide using a scintered-glass bubbler inside a Dreschel bottle, transferred into the sterile polyethylene bags inside a laminar flow tissue culture hood using a 20 mL syringe with a bacterial filter and a sterile filling tube (127 mm) attached.  Seal the bags immediately and transfer then to a 37 °C incubator for at least one hour before the tissue culture insert transfer.

3.3. Ensure each sterile bag is correctly labelled (with the plate and well identification). Repeat this step for each tissue culture insert. Exclude the air bubbles carefully upon sealing the sterile bags (done securely by twisting the top of the bags and by applying a plastic clamp). 

3.4. Return the sterile bags with the tissue culture inserts and the 6-well plates with experimental medium into the 37 °C incubator. 

3.5. After 1 h, carefully pack the sterile bags with the tissue culture inserts in plastic boxes inside a thermo-regulated box filled with de-ionized water at 37 °C in order keep the organotypic slices at physiologic temperature throughout the shock wave exposure protocol. 

4. Preparation of the shock tube and hippocampal organotypic slice shock wave exposure

4.1. Wear steel-toe protective boots, a laboratory coat and gloves during preparation of the shock tube and the shock wave exposure.

4.2. Bolt the sterile bag holder frame to the shock tube distal flange ensuring that the central hole is aligned with the shock tube outlet (using a blanking rod). 

4.3. Mount two pressure transducers radially: sensor 1, in the middle part of the driven section and sensor 2 in the distal flange of the shock tube (Figure 1 A). Connect the pressure transducers to an oscilloscope through a current source power unit.

4.4. Ensure all shock tube release valves and flow controls are closed. 

4.5. Open the external compressed air line and charge the solenoid valve to 2.5 bar.

4.6. Open the compressed air cylinder safety valve and slowly open the pressure regulator to increase the pressure to approximately 5 bar.

Note:  The pressure set for this regulator should be slightly above the highest diaphragm bursting pressure. 

4.7. Prepare diaphragms by cutting 23 m-thick polyester sheets into 10 x 10 cm squares. Prepare handles using autoclave tape and sticking them to the top and bottom of each diaphragm. 

4.8. Position one diaphragm (single slot of the double breech – single diaphragm configuration) or two diaphragms (both slots of the double breech – double diaphragm configuration) in the breech (Figure 1 B).

4.9. Ensuring diaphragms are centered, and clamp them using four M24 bolts and nuts, fastening them sequentially in a diagonally symmetric way, ensuring the diaphragms are wrinkle-free. 

4.10. Clamp each sterile bag individually in vertical position on the holder frame, ensuring the surface of the tissue culture inserts with the organotypic hippocampal slices is facing the shock tube outlet and the tissue culture insert is centered inside the sterile bag (Figure 1 C). Make sure the sterile bag is securely clamped all around to ensure firm and even immobilization. 

4.11. Wear ear defenders and safety spectacles when pressuring the shock tube.  Switch on the current source power unit and oscilloscope to acquire the shock wave data (an acquisition rate of 50 mega-samples/s, record length 20 ms, 1 million points) and close solenoid valve. 

4.12. Using the flow control knob on the shock tube control panel, slowly pressurize the driver volume section of the shock tube for single diaphragm configuration or both the driver volume section and the double breech section of the shock tube for double diaphragm configuration. 

Notes: #1 For single diaphragm configuration the burst pressure will depend only on the diaphragm material and thickness and the diaphragm will rupture spontaneously once the material bursting pressure is reached. #2 For double diaphragm configuration the bursting pressure will also depend on the gas pressure differential in both the driver and the double breech chambers and, for the diaphragms to burst in a controlled way, the double breech safety valve is opened manually once the target pressures are reached. 

4.13. As soon as the diaphragm ruptures (producing a loud noise), quickly close the compressed air flow using the flow knob and open the solenoid valve. 

Note: #1 The total volume of the driver section can be modified by the insertion of blanking segments, allowing a wider range of shock wave peak overpressure and durations to be obtained. #2 The ideal combination of shock wave parameters should be enough to cause tissue injury but not so high that it causes tissue culture insert or sterile bag distortion or rupture. 

4.14. Expose each sterile bag with a tissue culture insert to a single shock tube wave and return it immediately to the thermo-regulated box before a new sterile bag is taken from the box and clamped on the holder frame. Ensure steps 4.10 to 4.14 are done as smoothly and swiftly as possible (within a few minutes) to prevent the experimental medium cooling down, as temperatures below 37 °C may interfere with injury development. 

4.15. Once all tissue culture inserts have been exposed to a shock wave (or sham protocol), return the tissue culture inserts to the original 6-well plate and to their respective well (inside a laminar flow tissue culture hood) and return to the incubator. 

4.16. Keep the 6-well plate in the incubator with 5 % carbon dioxide in air at 37 °C until further imaging.  

4.17. Include sham controls for each experiment, together with the slice shock wave exposure. 

Note: Sham slices are treated identically to the slices exposed to a shock wave (sealed in the sterile bags with experimental medium, transported to the shock tube laboratory in the same thermo-regulated box and suspended on the metal frame for an equivalent period of time) but the shock tube is not fired.

5. [bookmark: _GoBack]Hippocampal organotypic slice injury quantification 

5.1. At 24 h, 48 h and 72 h, image the slices as described in steps 2.8 and 2.9.

5.2. After imaging 72 h post shock wave exposure discard the tissue following local biological waste protocols and disinfect and autoclave the metal rings. 


REPRESENTATIVE RESULTS: 
The shock tube used in this method allows the generation of overpressure transients that simulate real-life open field explosions modelled by the Friedlander function7,8. Supersonic shockwaves with a velocity of 440 m/s (Mach 1.3) were obtained (Figure 1 A).  The waveform data reported is from sensor 2, positioned radially at the end of the driven section of the shock tube. 

Using the protocol described above, organotypic hippocampal slice cultures exposed to a single shock wave (Figure 2 A) develop significant injury quantified using propidium iodide, a highly polar fluorescent dye that only penetrates cells with compromised cellular membranes24,25 (Figure 2 B and C).  

Even under optimal conditions, and consistent to other OHSC published models21,22, there is a low level of background propidium iodide fluorescence due, in part, to minor damage resulting from the inherent tissue manipulations (such as media changes during the culture period or removal from the incubator for imaging). This blast TBI protocol involves substantial manipulation that includes submersion of slices in medium inside sterile bags and a considerable degree of handling during the shock wave exposure protocol (e.g. clamping the sterile bags to the holder frame). However, provided all steps are done carefully, this additional manipulation does not have an impact on the underlying health of the OHSC as no significant differences were seen between a control group of slices kept in the 6-well plates at all times (i.e. the inserts were not submerged or handled) and the sham group, which included slices that were submerged inside sterile bags that were clamped to the shock tube (Figure 2 B).

The two shock waves chosen, at 50 kPa and 55 kPa peak overpressure, produced significant (p<0.05 and p<0.0001, respectively) and reproducible injury when compared to the uninjured sham slices at all time-points after the blast exposure protocol (Figure 2 B) without causing damage to the tissue culture inserts or sterile bags. In order to determine the sensitivity of the model to small differences in peak-overpressure we decided to select values that were different by ~10 %.   These results also show that, as expected, the injury resulting from 55 kPa is higher than after a 50 kPa shock wave. 

The data are expressed as mean ± standard error of the mean. Significance was assessed using a 2-way repeated measures analysis of variance using Holm-Sidak post hoc test. Factor 1 was group (control, sham, blast) and factor 2 was time after the injury (-1 h, 24 h, 48 h and 72 h), where factor 1 was the repeated factor. Adjustment of p value for multiple comparisons was used. P values of less than 0.05 were taken to indicate a significant difference between groups. Statistical tests were implemented using a graphing and statistics software package. 

FIGURE LEGENDS: 
Figure 1. Schematic of the shock tube device with the sterile bag holder frame. (A). The shock tube is a 3.8 m long stainless-steel tube, made of three 1.22 m long sections, connected by gaskets and flanges, with an internal diameter of 59 mm. (B) Inset showing the double breech assembly.  One or two Mylar diaphragms can be clamped in the assembly with seal provided by rubber o-rings.  (C) Sterile bag holder frame. The body of the frame consists of two metal plates with a centered circular hole (59 mm diameter) that aligns with the shock tube outlet. Two thin (4 mm) sheets of silicone elastomer are fitted between the two metal plates. The purpose of these sheets is to provide an even and non-slippery surface to clamp the sterile bags. The distance between the bag and the outlet of the shock tube is 7 cm.

Figure 2. Typical shockwave and resulting injury in organotypic hippocampal slice cultures. (A) Representative example of shock wave obtained using 23 µm-thick polyester film, 2.16 bar burst pressure, 55 kPa peak overpressure, 0.4 ms positive wave duration, 10.1 kPa•ms impulse. Waveform data were obtained from a sensor 2 radially mounted on the distal flange of the shock tube driven section. The shock wave velocity was 440 m/s (Mach 1.3). (B) Development of injury is proportional to the intensity of the shock wave. Both 50 kPa and 55 kPa peak overpressure shock waves caused significant injury that developed throughout the 72-h protocol when compared with the sham group. The injury resulting from a 55 kPa peak overpressure wave exposure was significantly higher than after 50 kPa at 48 h and 72 h. Bars represent mean values and error bars are standard errors (n=7, controls; n=48, sham; n=30, blast 50 kPa; n=51, blast 55 kPa; n=number of slices, from 6 separate experiments). * p<0.05, **** p<0.0001 compared with sham. # p<0.05, ## p<0.01 compared with blast 55 kPa. (C) Representative propidium iodide fluorescence images of organotypic slices from (i) sham, (ii) blast 50 kPa and (iii) blast 55 kPa groups at 72 h after injury. The sham slice shows low levels of fluorescence, i.e., injury, and the blast exposed slices show high levels of diffuse injury, more pronounced on the 55 kPa peak overpressure exposed slice (scale bar = 500 µm).

DISCUSSION: 
Of all the mechanisms of injury associated with blast TBI (primary, secondary and tertiary blast injury mechanisms) primary blast injury is unique to blast trauma and it is the least understood of the blast-associated mechanisms1,2.  The novel protocol described here was developed to study primary blast TBI using an open-ended shock tube to expose in vitro mouse hippocampal slice cultures to a single shock wave using a simple and rapid protocol that allows the creation of a reproducible primary blast TBI with a high throughput.  

Significance of method & comparison to other models.  The first in vitro primary blast TBI models applied hydrostatic pressure waves to cells26,27.  However the pressure output did not model the Friedlander function as the duration of a hydrostatic pressure pulse was much longer than airborne blast overpressure waves13. The characteristic Friedlander function can be easily modelled in the laboratory using a shock tube1,8.  The shock tube can produce shock waves that simulate real-life open field explosions in a conventional laboratory environment, while allowing the precise control of wave parameters, such as peak overpressure, positive wave duration and impulse, by varying the diaphragm material and thickness, and the driver volume8,28,29.

Simple in vitro models such as cell cultures usually lack heterogeneity of cell types and lack synaptic connectivity30. Recently the effect of blast on in vitro brain cell ‘spheroids’ incorporating different cell types has been investigated31. Further investigation of these interesting preparations is merited, however it is not clear how their cellular organization and connectivity mirrors the intact brain.  OHSC are a well-established in vitro experimental model23,32, are easy to culture and their three-dimensional tissue cytoarchitecture, cell differentiation and synaptic connectivity are well preserved and very similar to that in vivo33-36. OHSCs represent an intermediate level of complexity between cell culture and an in vivo model23,32. OHSCs have been demonstrated to reproduce in vitro pathological neurodegenerative cascades seen in in vivo models and have been very useful in the screening of potential neuroprotective drugs and in understanding their mechanisms of action17,21,22,37,38. Finally, the anatomic area studied, the hippocampus, is highly relevant in translational TBI studies, as this region is frequently damaged in TBI patients39-41. OHSC have been used to model blast TBI28,42-44, however our model is relatively simple and can be adapted to existing shock-tubes in either horizontal or vertical configurations without complex adaptations.   

OHSC can be kept in culture for many days, which facilitates the investigation of biological processes over time34. In this model, the tissue injury that resulted from shock wave exposure was measured daily over three days following blast exposure using propidium iodide, a well-established marker of cell damage. Propidium iodide is a nontoxic highly polar dye that penetrates cells with compromised cellular membranes, where it binds to nucleic acids and exhibits a characteristic bright red fluorescence24,25,45. The fluorescence measured with propidium iodide shows a good correlation with injured cell count using Nissl staining46,47.  

Given that the injury produced in this model was diffuse (Figure 2 C) the fluorescence of the whole slice was measured when doing the analysis, similar to previously published work in other brain injury paradigms21,22, instead of using specific regions, as has been done in other in vitro blast TBI models28,43,44,48. The global approach used in the model described in this paper also eliminates the potential variability that is introduced when outlining defined regions of interest and provides a more comprehensive picture of the blast-related injury. Both shock wave peak overpressures, 50 kPa and 55 kPa, produced significant (p<0.05 and p<0.0001, respectively) injury when compared to sham slices (Figure 2 B). As anticipated, the shock wave with the highest peak overpressure, 55 kPa, produced more injury than the 50 kPa wave.  In an in vitro model with isolated brain tissue directly exposed to a shockwave, how to accurately scale to the whole organism or a human being is not straightforward. Nevertheless, the shockwaves we used are within the range of peak overpressures observed in the field, typically 50 – 1000kPa 8,49. 
 
[bookmark: _Toc510638349]In order to maintain the OHSC exposed to physiologic temperature and levels of oxygen and carbon dioxide, while ensuring they were free from contamination throughout the shock wave exposure protocol, the tissue culture inserts were sealed into sterile polyethylene bags following an aseptic technique, submerged in experimental medium warmed to 37°C and freshly bubbled with 95 % oxygen and 5 % carbon dioxide, similarly to previously published work28,43,44,48. Contrary to these models where complex devices were used to hold the sterile bags during shock wave exposure, in this protocol a simple and rapid method was used to suspend the OHSC tissue culture inserts in front of the shock tube outlet (Figure 1 A and C). The model described in this paper allows rapid processing and high throughput, while minimizing the risk hypothermia. These aspects are particularly relevant for neuroprotection studies given that some therapeutic interventions may have a very limited time window of potential application after TBI. This novel shock wave exposure protocol allows 6 to 9 tissue culture inserts (typically 36 to 54 hippocampal organotypic tissue slices) to be exposed to a shock wave in a short interval of time (approximately 1 h). 

Critical steps and troubleshooting in the method.  (i) aseptic technique; the OHSCs require good aseptic technique throughout.  It is important to use an aseptic laminar flow hood throughout the culturing and when transferring to the sterile bags for blast.  In order to carry out the slice imaging under aseptic conditions with the lids of the 6-well plates in place we use custom-made metal rings to raise the cell culture inserts to the focal plane of the microscope.  (ii) sham slices; an important part of our protocol is that we include uninjured sham slices in every experiment.  Sham slices are treated identically to blast slices with the exception that the shock-tube is not fired (iii) pre-imaging; another important step is that all slices are imaged 1 h before injury or sham treatment, to ensure that the health of the population of slices used are identical (Figure 2B).

Future applications and modifications of the technique.  In addition to quantifying cell injury in the slices over time, the tissue can be fixed at the end of the experiment for conventional immunohistochemistry50.  We developed and evaluated the method using mouse hippocampal slices. However, our technique could be easily adapted to use other tissue that can be grown in culture, such as spinal cord, retina, lung or epithelial tissue.  In this paper and our previous work with the model we investigated only the effect of exposure to a single blast.  However, the model would be well suited to investigate the effects of repeated low-level blasts on brain or other tissue.  OHSCs can be kept in culture for many weeks or even months, allowing chronic effects to be investigated.

Limitations of the technique. In vitro models, being simpler than in vivo models, have a higher throughput, are less expensive and experiments can usually be completed on a shorter time scale17. However, the results obtained using in vitro models need to be validated in animal models as in vitro cultured tissues are kept in an artificial environment and may respond to injury differently from what they would in vivo17.  Nonetheless, in vitro models have been extremely valuable in increasing our understanding of brain injury cascades and in screening neuroprotective drugs before the use of more complex in vivo models17,22,51,52.  Despite the many advantages offered by this model, it is important to note that in vitro models lack key features of TBI present in animals and in vivo models, such as the effects on vascular system, increased intracranial pressure, systemic immune response and functional behavioral impairment, which highlights the need to validate the results found in in vitro models in the whole animal.  Nevertheless, in vitro models such as the model described in this paper are extremely useful translationally relevant scientific tools.  

In conclusion, this work describes a simple and straightforward novel method where mouse organotypic hippocampal tissue cultures are exposed to tightly controlled and reproducible real-life relevant shock waves using a laboratory shock tube. The resulting global injury, which was quantified using propidium iodide, a well-established marker of cell damage, is very reproducible and is proportional to the peak overpressure of the shock waves applied.   
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