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ABSTRACT: 45 

Traumatic brain injury (TBI) is a major cause of death and disability. Diffuse axonal injury (DAI) is 46 

the predominant mechanism of injury in a large percentage of TBI patients requiring 47 

hospitalization. DAI involves widespread axonal damage from shaking, rotation or blast injury, 48 

leading to rapid axonal stretch injury and secondary axonal changes that are associated with a 49 

long-lasting impact on functional recovery. Historically, experimental models of DAI without 50 

focal injury have been difficult to design. Here we validate a simple, reproducible and reliable 51 

rodent model of DAI that causes widespread white matter damage without skull fractures or 52 

contusions.  53 

 54 

INTRODUCTION: 55 

Traumatic brain injury (TBI) is a major cause of death and disability in the United States. TBIs 56 

contribute to about 30% of all injury-related deaths1,2. The leading causes of TBI differ among 57 

age groups and include falls, high-speed collisions during sports, intentional self-harm, motor 58 

vehicle crashes and assaults1-3.  59 

 60 

Brain diffuse axonal injury (DAI) is a specific type of TBI induced by rotational acceleration, 61 

shaking or blast injury of the brain resulting from unrestricted head movement in the instant 62 

after injury4-8. DAI involves widespread axonal damage leading to long-lasting neurological 63 

impairment that is associated with poor outcome, burdensome health-care costs, and a 33-64% 64 

mortality rate1,2,4,5,9-11. Despite significant recent research into the pathogenesis of DAI, there 65 

has not been a consensus on best treatment options11-14. 66 

 67 

Over the last decades, numerous experimental models have attempted to accurately replicate 68 

different aspects of DAI11,12,15,16. However, these models have limitations given the unique 69 

presentation of DAI compared to other focal injuries. These prior models not only cause axonal 70 

injury in white matter regions but also result in focal cerebral injuries. Clinically, DAI is 71 

accompanied by micro hemorrhages, which may constitute a major cause of damage to white 72 

matter. 73 

 74 

Only two animal models have been shown to replicate the key clinical features of DAI. 75 

Gennarelli and colleagues produced the first lateral head rotation device in 1982, using 76 

nonimpact head rotational acceleration to induce coma with DAI in a nonhuman primate 77 

model15. This primate model employed controlled single rotation for acceleration and 78 

deceleration to displace the head through 60° within 10-20 ms. This technique was able to 79 

emulate impaired consciousness and widespread axonal damage that resembled the effects of 80 

severe TBI observed in human brains. However, primate models are very expensive4,11,16. Based 81 

in part on the previous model, a pig model of rotational acceleration brain injury was designed 82 

in 1994 (Ross et al.) with similar results14.  83 

 84 

These two animal models, though they produced different presentations of typical pathology, 85 

have added greatly to the concepts of DAI pathogenesis. Rapid head rotation is generally 86 

accepted as the best method for inducing DAI, and rodents provide a less expensive model for 87 

the rapid head rotation studies11,16. Here, we validate a simple, reproducible and reliable rodent 88 
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model of DAI that causes widespread white matter damage without skull fractures or 89 

contusions. This current model will enable better understanding of the pathophysiology of DAI 90 

and development of more effective treatments.  91 

 92 

PROTOCOL:  93 

 94 

The experiments were performed following the recommendations of the Declarations of 95 

Helsinki and Tokyo and to the Guidelines for the Use of Experimental Animals of the European 96 

Community. The experiments were approved by the Animal Care Committee of Ben-Gurion 97 

University of the Negev. 98 

 99 

1. Preparing rats for the experimental procedure 100 

 101 

NOTE: Select adult male Sprague-Dawley rats weighing 300-350 g. 102 

 103 

1.1. Obtain approval for performing these experiments from the Institutional Animal Care 104 

and Use Committee. 105 

 106 

1.2. Maintain rats at a room temperature of 22 ± 1 °C, with 12 hour light and 12 hour dark 107 

cycles. Provide rat chow and water ad libitum.  108 

 109 

1.3. Perform all experiments between 6:00 a.m. and 12:00 p.m.  110 

 111 

1.4. Use a continuous isoflurane administration system to induce anesthesia. Make sure the 112 

vaporizer system is filled with isoflurane.  113 

 114 

1.4.1. Anesthetize the rats with 2% isoflurane.  115 

 116 

1.4.2. Confirm that the rat is fully anesthetized by observing a lack of movement or pedal 117 

reflex in response to an external stimuli. 118 

 119 

2. Induction of diffuse axonal injury 120 

 121 

NOTE: The device consists of the following components: 1) transparent plastic cylinder, 2) iron 122 

weight (1308 g), 3) rotation mechanism consisting of a cylindrical tube, two bearings upon 123 

which the axis rotate and a head fixation (for ear pins); 4) horizontal platform on which are 124 

fixed two bearings. 125 

 126 

2.1. Place the device on a heavy, stable laboratory table. 127 

 128 

2.2. Attach the weight to a string that is elevated to a height of 120 cm.  129 

 130 

2.3. Allow the freely falling weight to hit the bolt, activating the rotational mechanism. Using 131 

the lateral head rotation device, the rodent’s head is turned rapidly from 0 to 90°. 132 
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 133 

2.4. After induction of diffuse axonal brain injury, transfer the rat to a recovery room. 134 

 135 

3. Measurement of rotational Kinematics/Biomechanical parameters. 136 

 137 

3.1. Measure rotational kinematics/biomechanical parameters as follows: 138 

 139 

𝑴 =
𝟐 ∗ (𝑲 +𝒎𝒈𝒍𝟏)

𝝅
 140 

𝑴 = 𝟎. 𝟐𝟐𝟓𝒎 ∗ (𝟏 +
𝟏𝟒. 𝟐𝒎𝒉)

𝟏. 𝟔𝟔𝟒 + 𝟏. 𝟎𝟑𝟕𝒎
) 141 

𝑭˳ =
𝟐. 𝟓

𝑫
𝒎 ∗ (𝟏 +

𝟏𝟒. 𝟐𝒎𝒉

𝟏. 𝟔𝟔𝟒 + 𝟏. 𝟎𝟑𝟕𝒎
) 142 

where F˳ - force applied to animal head (kg); M – moment of force; K – kinetic energy; m – mass 143 

of the falling weight; g - gravitational acceleration; h – height (cm); D – distance between the 144 

ear pins (cm).  145 

 146 

NOTE: To calculate the force applied to the animal’s head (F˳), it is necessary to know the mass 147 

of the falling weight, the height at which the weight falls, and the distance between the ear 148 

pins. The other parameters remain unchanged.  149 

 150 

4. Evaluation of Neurological Severity Score after 48 hours 151 

 152 

NOTE: Neurological deficits were assessed and graded using a Neurological Severity Score, as 153 

previously described17-19. Alterations in motor function and behavior are assessed by a point- 154 

system such that a maximum score of 24 represents severe neurological dysfunction. A score of 155 

0 indicates intact neurological status. The following behavioral functions are assessed. 156 

 157 

4.1. Assess the rat’s inability to exit from a circle (50 cm in diameter) when left in its center. 158 

Perform this for three individual sessions lasting 30 min, 60 min, and more than 60 min.  159 

 160 

4.2. Test the rat for a loss of righting reflex in three sessions lasting 20 min, 40 min, and over 161 

60 min.  162 

 163 

4.3. Perform the test for hemiplegia, the inability of the rat to resist forced changes in 164 

position. 165 

 166 

4.4. Raise the rat by its tail to test the flexion of the hindlimb. 167 

 168 

4.5. Place the rat on the floor to test its ability to walk straight. 169 

 170 

4.6. Test for three separate reflexes: the pinna reflex, the corneal reflex, and the startle 171 

reflex.  172 

 173 
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4.7. Rate the rat with a clinical grade based on loss of seeking behavior and prostration.  174 

 175 

4.8. Test limb reflexes for placement. Perform the test on the left and right forelimbs, and 176 

then the left and right hindlimbs.  177 

 178 

4.9. Perform a functional test via the beam balancing task. Beam should measure 1.5 cm 179 

wide. Run the test for sessions of 20 s, 40 s, and more than 60 s. 180 

 181 

4.10. Perform beam walking test on the rat with beams of three different widths: 8.5 cm 182 

wide, 5 cm wide, and 2.5 cm wide.  183 

  184 

5. Brain collection for histological examination after 48 hours 185 

 186 

5.1. At 48 hours post injury, euthanize the rats by replacing their inspired gas mixture with 187 

20% O2/80% CO2. Ensure that CO2 is delivered at a predetermined rate in accordance with 188 

Institutional Animal Care and Use Committee guidelines. 189 

 190 

5.1.1. Ensure death confirmation in accordance with Institutional Animal Care and Use 191 

Committee guidelines. 192 

 193 

5.2. Transcardiacally perfuse the rat with 0.9% heparinized saline at temperature 4 °C, 194 

followed by 500 mL of 4% paraformaldehyde in 0.1 M phosphate buffer saline (pH 7.4). 195 

 196 

5.3. After perfusion, perform decapitation with a guillotine.  197 

 198 

5.4. Perform brain collection by removing the calvarias with bone-cutting forceps to avoid 199 

damaging brain tissue.  200 

 201 

5.5. Remove the brain immediately and fix in a 4% buffered formaldehyde solution for 48 h 202 

at 4 °C. 203 

 204 

5.6. Block brains into 5 mm coronal sections from the olfactory bulb face to the visual cortex 205 

and bisect cerebellums and brain stems. 206 

 207 

5.7. Following paraffin embedding, cut coronal and sagittal sections (5 µm) away from the 208 

thalamus by microtome sectioning. 209 

 210 

6. Immunochemical staining and examination 211 

 212 

6.1. Gently place the slices on glass slides with a soft brush, 1 slice per slide. 213 

 214 

6.2. Produce immunochemical staining of βAPP. 215 

 216 
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6.2.1. Deparaffinize slices with xylene (3 times for 5 min each) and rehydrate with gradually- 217 

reduced concentrations of ethanol at room temperature: 3 min in 100% ethanol twice, 3 min in 218 

95% ethanol twice, 3 min in 90% ethanol, 3 min in 70% ethanol, and 3 min in DDW.  219 

 220 

6.2.2. Treat deparaffinized and rehydrated brain sections with 3% H2O2 for 15 min at room 221 

temperature to block endogenous peroxidase activity. 222 

 223 

6.2.3. Incubate sections with 0.01 M sodium citrate (pH 6.0) at 98 °C for 5 min for antigen 224 

retrieval. 225 

 226 

6.2.4. Keep the slides in the buffer for 20 min at room temperature to cool. 227 

 228 

6.2.5. Wash sections with phosphate-buffered saline (PBS) solution twice for 5 min. 229 

 230 

6.2.6. Block the sections with 2.5% normal horse serum for 1 h at room temperature and 231 

incubate overnight at 4 °C in primary rabbit anti-APP (1:4000) diluted in the blocking serum. 232 

 233 

6.2.7. After incubation in primary antibody, wash sections in PBS at room temperature. 234 

 235 

6.2.8. Incubate sections in appropriately diluted biotinylated secondary antibody for 15 min 236 

and wash with PBS for 3 min twice at room temperature.  237 

 238 

6.2.9. Incubate in streptavidin–peroxidase for 15 min and wash again in PBS for 3 min twice at 239 

room temperature. 240 

 241 

6.2.10. Incubate sections with buffered substrate solution (pH 7.5) containing hydrogen 242 

peroxide and 3,3-diaminobenzidine chromogen solution and protect from light until the color is 243 

developed.  244 

 245 

6.2.11. Incubate the slides with DDW at room temperature for 5 min in order to stop the 246 

reaction. 247 

 248 

6.2.12. Counterstain sections with Hematoxylin for 3 min at room temperature and wash for 5 249 

min with flowing tap water.  250 

 251 

6.2.13. Dehydrate the slides with gradually increasing concentrations of ethanol at room 252 

temperature: 2 min in DDW, 2 min in 70% ethanol, 2 min in 90% ethanol, 2 min in ethanol 95%, 253 

2 min in 100% ethanol, and 3 min in xylene three times.  254 

 255 

6.2.14. Dry and mount with mounting medium. 256 

 257 

6.3. Examine the slices under microscope magnification of 200x with a 20 mm objective lens 258 

using a microscope.  259 

 260 
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REPRESENTATIVE RESULTS: 261 

Table 1 illustrates the protocol timeline. The mortality rate in this model of DAI was 0%. A 262 

Mann-Whitney test indicated that neurological deficit was significantly greater for the 15 DAI 263 

rats compared to the 15 sham rats at 48 hours following intervention (Mdn = 1 vs. 0), U = 22.5, 264 

p < 0.001, r = 0.78 (see Table 2). The data are measured in counts and are presented as median 265 

and 25–75 percentile range.  266 

 267 

Representative photomicrographs of thalamic sections of brain tissue are shown in Figure 1. 268 

Photomicrographs revealed axonal and neuronal βAPP immunoreactivities following isolated 269 

DAI in rats 48 hours post injury compared to the control group (67.46 ± 30 vs. 0 ± 0), U = 0, p < 270 

1.1E-06, r = 0.92. The data are measured as counts and presented as mean ± SD. 271 

 272 

FIGURE AND TABLE LEGENDS:  273 

Table 1: Demonstration of the protocol timeline. The various groups of rats at different times 274 

are shown: DAI = Diffuse axonal brain injury at the beginning of the experiment; At 48 hours, a 275 

Neurological Severity Score was determined and immunochemical staining of βAPP was 276 

performed in both groups.  277 

 278 

Table 2: Neurological severity score. Neurological deficit 48 hours following DAI for 2 study 279 

groups. A Mann-Whitney test indicated that neurological deficit was significantly greater for the 280 

15 DAI rats compared to the 15 sham rats at 48 hours following intervention (Mdn = 1 vs. 0), U 281 

= 22.5, p < 0.001, r = 0.78. The data are measured in counts and are presented as median and 282 

25–75 percentile range.  283 

 284 

Figure 1: Immunochemical examination. Representative photomicrographs of thalamic 285 

sections of brain tissue revealed axonal and neuronal immunoreactivities following isolated DAI 286 

in rats (B) 48 hours post injury compared to the control group (A). βAPP immunoreactivity was 287 

detected in the region of interest in all 15 DAI rats, and not at all in any of the sham-operated 288 

rats. Mann-Whitney test indicated that number of βAPP -positive axons was significantly 289 

greater for 15 DAI rats than for sham-injured animals at 48h following DAI (67.46 ± 30 vs. 0 ± 0), 290 

U = 0, p < 1.1E-06, r = 0.92. Images are at the original magnification * 200. The data are 291 

measured as counts and presented as mean ± SD.  292 

 293 

DISCUSSION:  294 

This protocol describes a rodent model of DAI. In DAI, rotational acceleration on the brain 295 

causes a shear effect that triggers axonal and biochemical changes that lead to loss of axonal 296 

function in a progressive process. Secondary axonal changes are produced by a rapid axonal 297 

stretch injury and are variable in their extent and severity4,5,10. Within hours to days after the 298 

primary injury, biochemical changes will lead to the loss of axonal function4,5,10. Following the 299 

injury, the permeability of the axon membrane changes, allowing a massive calcium influx. The 300 

intake of calcium causes the mitochondria to swell and break, releasing caspases and triggering 301 

caspase mediated progressive cell death4,5,10,11,20. Secondary axonal injury can present in the 302 

form of the axonal bulbs at the ruptured end or in the form of varicosities along the length of 303 

the axon4,21,22. The loss of nerve impulse transition is expressed by the aggregation of the β- 304 
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amyloid precursor protein (βAPP), a single transmembrane protein present in most cells and 305 

tissues4,23-26. Immunohistochemical analysis of βAPP accumulation is currently the gold 306 

standard clinical and experimental technique for assessment of DAI4,9,10,20,27. Studies have 307 

reported βAPP immunoreactivity starting approximately 2 hours after injury, but there is 308 

evidence that ongoing changes continue for one or more years post-injury23,28,29. The most 309 

vulnerable areas are the brainstem, parasagittal white matter of the cerebral cortex, and 310 

corpus callosum11. 311 

 312 

Common in vivo animal models of DAI are the lateral fluid percussion model30,31, the impact 313 

acceleration injury32,33 and the controlled cortical impact model34-36. These models provide 314 

some useful results but with significant limitations.  315 

 316 

Fluid percussion models in animal models induce brain injury by injecting varying volumes of 317 

saline into the closed cranial cavity at the midline, especially in cat and rabbit models, or 318 

laterally in rodent models30,31. Injury severity can be varied from mild to severe by adjusting the 319 

fluid pressure. Although this model is reliable and reproducible, it is not an ideal model of 320 

human DAI, because percussion injury produces contusion and/or subarachnoid hemorrhage 321 

and the type of primary impact is distinct from real life injuries37,38. Furthermore, the effects of 322 

brain geometry and intracranial structure on direction, displacement and velocity make it very 323 

difficult to perform a precise biomechanical analysis of the injury 39. 324 

 325 

The impact acceleration injury model32,33 uses segmented brass weights free-falling from a 326 

specified height through a Plexiglas guide tube onto a metallic helmet fixed by dental acrylic to 327 

the skull vertex of the rat. This model is inexpensive, easy to perform, and can produce graded 328 

DAI, but there is also a possibility of contusions and skull fractures, compromising the 329 

reproducibility of the model. In addition, the induced injury involves a disproportionately 330 

smaller volume of the brain than in humans39.  331 

 332 

The model of controlled cortical impact employs a pneumatic or electromagnetic impact device 333 

to drive a rigid impactor onto the exposed, whole dura through a unilateral craniotomy, which 334 

leads to deformation of the underlying cortex16,17. Air pressure is responsible for the impact 335 

velocity, and the depth of cortical deformation is regulated by vertical adjustment of the 336 

crossbar where the cylinder is attached. Like the fluid percussion model, it causes mainly focal 337 

injury. 338 

 339 

Regarding these disadvantages, a new modified rodent model has been developed with 340 

opening of the dura mater over the contralateral hemisphere to produce more widespread 341 

axonal injury40. However, most previous models require craniotomy, and results of axonal 342 

pathogenesis may be affected by contusion and hemorrhage that usually appear in previous 343 

models. Moreover, the mechanism of injury in these models is different from the human DAI 344 

caused by the acceleration–deceleration movements of the brain.  345 

 346 

There are several steps in the protocol that are critical and merit careful consideration. One 347 

should consider that head of the rat should be tightly fixed to the ear pins, or the rat may fall 348 
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from device. When falling, other forces may play a role that will affect the accuracy of any 349 

calculations. Also, the iron weight must be the specific weight and dropped at the specific 350 

height noted in this protocol. These measurements have been determined empirically and are 351 

mandatory conditions for the reproduction of the model. The installation of the plastic cylinder 352 

should be at an angle of 90° relative to the rotational mechanism, namely the bolt. This is 353 

because it is the hit to the bolt that drives the rotational mechanism. Otherwise, the friction of 354 

the iron weight relative to the plastic cylinder is introduced, which will lead to a decrease in the 355 

force applied to the rat’s head. 356 

 357 

There are some limitations to this model. The development of DAI in humans is mainly 358 

secondary to an impact from another object. In this case, either the person moves towards the 359 

object, the object moves towards the person, or they both move toward each other. In such a 360 

collision, a patient develops a combined head injury, where diffuse axonal damage is only part 361 

of the TBI. Here, the applied rotational acceleration is the main mechanism that leads to the 362 

development of DAI without others elements of head injury.  363 

 364 

The model proposed here appears to alleviate the complications of skull fractures and 365 

contusions that caused widespread white matter damage without limited additional injury. 366 

Similar to other recent rodent models, this model is effective and provides a low (0%) mortality 367 

rate. It is a reproducible and affordable technique that could serve as a valuable resource for 368 

better understanding the pathophysiology of DAI to develop more effective treatments. 369 

 370 
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Groups Time Procedures

DAI (15 rats) 0 h Induction Diffuse Axonal Injury

Sham (15 rats) 48 h Neurological Severity Score Assessment,

DAI (15 rats) Immunochemical staining of BAPP.
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Animal 

Group
N

NSS 48 

hours after 

DAI

Sham 15 0 (0-0)

DAI 15 1 (1-1)*

NSS values of the various groups at 48 

hours
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Name of Material/Equipment Company Catalog Number Comments/Description

0.01 M sodium citrate SIGMA - ALDRICH

2.5% normal horse serum SIGMA - ALDRICH H0146 Liquid
4 % buffered formaldehyde 

solution
Anti-Amyloid Precursor Protein, C - 

terminal antibodyproduced in 

rabbit SIGMA - ALDRICH Lot 056M4867V

biotinylated secondary antibody Vector BA-1000-1.5 10 mM sodium phosphate, pH 7.8, 0.15 M NaCl, 0.08% sodium azide, 3 mg/ml bovine serum albumin

bone-cutting forceps
DAB Peroxidase (HRP) Substrate 

Kit (with Nickel), 3,3’-

diaminobenzidine vector laboratory

embedding cassettes

ethanol 99.9 % ROMICAL Flammable Liquid 

guillotine

Hematoxylin SIGMA - ALDRICH H3136-25G

Hydrogen peroxide solution Millipore 88597-100ML-F

Isofluran, USP 100%

Piramamal Critical 

Care, Inc

Olympus BX 40 microscope Olympus

paraffine 

paraplast plus 

leica biosystem Tissue embedding medium

phosphate-buffered saline (PBS) SIGMA - ALDRICH P5368-10PAK Contents of one pouch, when dissolved in one liter of distilled or deionized water, will yield 0.01 M phosphate buffered saline (NaCl 0.138 M; KCl - 0.0027 M); pH 7.4, at 25 °C.

Streptavidin HRP ABCAM ab64269 Streptavidin-HRP for use with biotinylated secondary antibodies during IHC / immunohistochemistry.

xylene
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10 mM sodium phosphate, pH 7.8, 0.15 M NaCl, 0.08% sodium azide, 3 mg/ml bovine serum albumin

Contents of one pouch, when dissolved in one liter of distilled or deionized water, will yield 0.01 M phosphate buffered saline (NaCl 0.138 M; KCl - 0.0027 M); pH 7.4, at 25 °C.

Streptavidin-HRP for use with biotinylated secondary antibodies during IHC / immunohistochemistry.
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Dear Dr. Nguyen, 

 

Please find attached a revised version of the manuscript JoVE61198. In this revised 

manuscript, we have taken into consideration all the valuable and relevant comments of 

the reviewers.  We have extensively rephrased and clarified parts of the manuscript and 

made all the corrections as requested by the reviewers.  Below is a point-by point 

response to each of the reviewer’s comments. Changes are marked in the revised 

manuscript. We very much hope that this revised manuscript is now suitable for 

publication in JoVE. 

 We thank you and the reviewers for your consideration. 
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Matthew Boyko, PhD 
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Answers to the Reviewers’ Comments 

[Editorial and production comments] 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 

are no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript 

and any errors in the submitted revision may be present in the published version. 

For this revision we had a professional English editor review the manuscript for 

spelling and grammatical errors. 

 

2. Please revise lines 81-83, 87-89, 232-233, 257-259, 261-262, 268-271, to avoid textual 

overlap with previously published work. 

Thank you for bringing this to our attention. These sections have been rewritten. 

 

3. JoVE cannot publish manuscripts containing commercial language. This includes 

trademark symbols (™), registered symbols (®), and company names before an 

instrument or reagent. Please remove all commercial language from your manuscript and 

use generic terms instead. All commercial products should be sufficiently referenced in 

the Table of Materials. You may use the generic term followed by “(Table of Materials)” 

to draw the readers’ attention to specific commercial names. Examples of commercial 

sounding language in your manuscript are: Vector Laboratories, Sigma, Permount, Fisher 

Scientific, Olympus BX, etc. 

This language has been removed.  

 

4. Please add more details to your protocol steps. There should be enough detail in each 

step to supplement the actions seen in the video so that viewers can easily replicate the 

protocol. Please ensure you answer the “how” question, i.e., how is the step performed? 

Alternatively, add references to published material specifying how to perform the 

protocol action. See examples below. 

More details have been added to the protocol. 

 

5. 2.1: Is the device purchased or assembled in-house? Please describe how to assemble 

the device if possible. 

This has now been described.  

 

6. 3.1-3.8: Please describe how the assessments are actually done. 

This has been added.  

7. 4.4-4.6: Please specify surgical tools used in the protocol. Please also specify at what 

temperature steps 4.4 and 4.5 are performed. 

This has been added.  

8. 5.1.3: Please describe how immunochemical staining of βAPP is done. 

This has been added.  

9. 5.1.6, 5.1.8, 5.1.9, 5.1.10: Please specify incubation temperatures throughout the 

protocol. 

Completed.  

10. 5.1.8: Please specify the secondary antibody and its dilution used in this step. 



Done.  

 

11. 5.1.11: For low long are the sections counterstained with hematoxylin? Please also 

specify the temperature. How dehydration is done? 

We have added these details.  

 

12. Please include how to measure/calculate rotational kinematics/biomechanical in the 

written protocol as this is shown in the protocol of the accompanying video (@1:59-

2:32). 

This has been added.  

 

13. Table of Materials: Please ensure that it has information on all relevant supplies, 

reagents, equipment and software used, especially those mentioned in the Protocol. 

Please sort the materials alphabetically by material name. 

This has been done. 

 

14. Please address the vet comments (see the attachment). 

The vet comments have now been addressed (below). 

 

 

Changes to be made by the author(s) regarding the video: 

1. The author list/order here does not match that in the manuscript. Please revise to be 

consistent. 

Done. 

2. Please use the same protocol section title in the video as in the written protocol if 

possible; this will help guide the viewers. 

Done. 

3. Results: Please include a space between the number and its unit (48 h). Please present 

the same tables as included in the written manuscript. Details do not match. DAI or 

DABI? 15 DAI rats or 13 DAI rats? 

Done. 

4. Is the video of the animal injury necessary (1:44). If not, please remove it. 

Done. The video of animal injury is necessary because it shows the mechanism of the 

injury, the main point of the protocol. Therefore, it has not been removed. 

 

 

Please upload a revised high-resolution video here: 

https://www.dropbox.com/request/gkh6xgTmp9Qh7OAPf8IR?oref=e 

Done. 

 

Reviewers' comments: 

Reviewer #1: 

Manuscript Summary: 

The authors are describing a new rat model of DAI and this would be of interest to the 

trauma community 

 



Major Concerns: 

The manuscript falls short of achieving its aim: the only evidence of the DAI is done by 

the APP staining, 

They should provide evidence of the neuronal injury (neurons are spared or not in the 

model), other markers of axonal degeneration such as MBP. 

 

We agree that there are other indications of axonal injury. We used beta-APP 

staining, because it is the recommended marker for DAI, and this staining is specific 

for DAI.  Please see these references:  

 

1. McKenzie, K. J. et al. Is beta-APP a marker of axonal damage in short-surviving 

head injury? Acta Neuropathol 92, 608-613, doi:10.1007/s004010050568 (1996).  

 

2. Hoshino S, Kobayashi S, Furukawa T at all. Multiple Immunostaining Methods to 

Detect Traumatic Axonal Injury in the Rat Fluid –Percussion Brain Injury Model. 

Neurolol Med Chir (Tokio) 43, 165 -174, 2003. 

 

3. F.E. Sherriff, L.R. Bridges, S.M. Gentleman, S. Sivaloganathan, S. WilsonMarke

rs of axonal injury in post mortem human brain Acta Neuropathol, 88 (1994), 

pp. 433-439 

 

4. F.E. Sherriff, L.R. Bridges, S. Sivaloganathan Early detection of axonal injury 

after human head trauma using immunocytochemistry for β-amyloid 

precursor protein Acta Neuropathol, 87 (1994), pp. 55-62 

 

5. Aaron M. Gleckman, Michael D. Bell, Richard J. Evans, Thomas W. Smith, 

(1999) Diffuse Axonal Injury in Infants With Nonaccidental Craniocerebral 

Trauma. Archives of Pathology & Laboratory Medicine: February 1999, Vol. 123, 

No. 2, pp. 146-151. 

 

 

The intro ignored all the new models of emerging rodent Closed head injury that depicts 

DAI, these need to be elaborated. 

 

We understand that closed traumatic brain injury might include DAI. [Smith DH, 

Meaney DF (December 2000). "Axonal damage in traumatic brain injury". The 

Neuroscientist. 6 (6): 483–95. doi:10.1177/107385840000600611.][ Blumbergs PC, Scott 

G, Manavis J, Wainwright H, Simpson DA, McLean AJ (August 1995). "Topography of 

axonal injury as defined by amyloid precursor protein and the sector scoring method in 

mild and severe closed head injury". Journal of Neurotrauma. 12 (4): 565–72. 

doi:10.1089/neu.1995.12.565. PMID 8683607.]. 

 



DAI may also be present in other models, such as blast induced brain injury.  [De 

Lanerolle, Nihal C., et al. "Characteristics of an explosive blast-induced brain injury in an 

experimental model." Journal of Neuropathology & Experimental Neurology 70.11 

(2011): 1046-1057.].  

 

In this protocol, we focused on models that are based on induction of isolated DAI. 

We know there are other models of closed head brain injury, but we report here on 

models based on rapid rotation which leads to DAI.  

 

[Davidsson, Johan, and Marten Risling. "A new model to produce sagittal plane 

rotational induced diffuse axonal injuries." Frontiers in neurology 2 (2011): 41.] [Wang, 

Hong-Cai, et al. "A new rat model for diffuse axonal injury using a combination of linear 

acceleration and angular acceleration." Journal of neurotrauma 27.4 (2010): 707-719.] 

[Xiao-Sheng, He, et al. "Diffuse axonal injury due to lateral head rotation in a rat 

model." Journal of neurosurgery 93.4 (2000): 626-633.] 

 

Neurological scoring should be evaluated and should be filmed as they are describing the 

same things, unless. filmed to show how they are being done. i think the data are not 

convincing.  

 

We have added descriptions of the neurological scale in both the text and the video. 

This is a complete neurological assessment that yielded significant results.  

 

Reviewer #2: 

Manuscript Summary: 

The protocol is straightforward and well-described. Other aspects of the paper could be 

improved. 

 

Major Concerns: 

There is no convincing evidence of diffuse axonal injury here. There is only a 

photomicrograph that shows APP accumulations, but it is not of high quality and the 

inexperienced reader would be hard-put to identify the abnormality. Arrows would help, 

but it would be more useful to show actual axonal injury, e.g. by silver stain, in several 

different brain regions. 

 

We agree that there are other methods of staining. Immunocytochemistry for β-APP 

is a more sensitive technique for identifying axonal injury than conventional silver 

impregnation.  
 

1. McKenzie, K. J. et al. Is beta-APP a marker of axonal damage in short-surviving 

head injury? Acta Neuropathol 92, 608-613, doi:10.1007/s004010050568 (1996).  

 

2. Hoshino S, Kobayashi S, Furukawa T at all. Multiple Immunostaining Methods to 

Detect Traumatic Axonal Injury in the Rat Fluid –Percussion Brain Injury Model. 

Neurolol Med Chir (Tokio) 43, 165 -174, 2003. 



As for other localizations, we also found other places with APP immunoreactivities 

such as white matter and hippocampus.  

 

 

 

Minor Concerns: 

2. The tables are not necessary 

We felt that the tables aid to the readers’ understanding.  

 

3. Text: The text is not written precisely. A few examples are cited below, but the entire 

manuscript requires a critical re-editing. 

Li48 . "A large percentage of TBI 48 patients that require hospitalization are due to brain 

diffuse axonal injury (DAI)." Sentence needs rephrasing, and in any case may not be true. 

Please cite the evidence for this statement. 

 

This sentence in the abstract has been rewritten and clarified. The evidence for this 

statement is as follows: Jay M. Meythaler, MD, JD, Jean D. Peduzzi, PhD, 

Evangelos Eleftheriou, PhD, Thomas A. Novack, PhD. Current Concepts: Diffuse 

Axonal Injury–Associated Traumatic Brain Injury. Arch Phys Med Rehabil Vol 82, 

October 2001. 

 

Li49 "DAI is widespread axonal damage from shaking or rotation by physical force 

leading to rapid axonal stretch injury and secondary axonal changes and is associated 

with a long-lasting impact on functional recovery and a high mortality rate." Also needs 

rephrasing. DAI also results from blast alone, w/o rotation or shaking. DAI per se does 

not have a high mortality rate. (Also true in the rat model presented here).  

We have changed this sentence.  

 

Li64 "…diffuse axonal injury (DAI) is a specific type of TBI induced by rotational 

acceleration of the brain…" DAI is also induced by several other types of trauma.  

We have changed this sentence.  

 

Li66…" DAI results from widespread axonal damage that often causes long-lasting 

neurological impairment, with mortality estimated at 33-64%" DAI does not result from 

axonal damage; it is axonal damage. Mortality is not due specifically to the axonal 

damage, but to associated brain injury.  

This sentence has been clarified.  

 

Li228 "This procedure describes a rodent model of DAI, is a difficult condition to treat 

given its unique mechanisms of TBI." Sentence needs rephrasing. Why does unique 

mechanism make it difficult to treat? Difficult relative to what?  

This sentence has been changed.  

 

Reviewer #3: 

Minor Concerns: 



Clinically, DAI is always accompanied by microhemorrhages, which may constitute a 

major cause of damage to WM. This needs to be acknowledged in the Introduction and 

Discussion 

We added a sentence to the introduction.  

 

 

The equations describing Force are not well explained - please explain for the non-

physicist 

We added a clear description of force to the manuscript.  

 

[Vet comments] 

 

Title: Induction of diffuse axonal brain injury in rats based on rotational acceleration. 

 

URL: https://www.jove.com/video/61198/title?status=a63204k 

 

Were animals used humanely and was the appropriate anesthesia or analgesia provided 

for potentially painful procedures? Yes. All procedures were approved by the 

Institutional Animal Care and Use Committee at our institution and were conducted in 

accordance with current guidelines. 

 

Please provide additional comment, if necessary. 

 

#  Time in 

the video 

comment Change 

in video 

required 

Yes/No 

Change 

in text is 

sufficient 

Yes/No 

Suggested 

Changes 

1 0:04 The author 

list/order here does 

not match that in 

the manuscript. 

Please revise to be 

consistent. 

yes no Corrected 

2 1:12 

1:56 

2:32 

3:19 

4:13 

 

Please use the same 

protocol section 

title in the video as 

in the written 

protocol if possible; 

this will help guide 

the viewers. 

yes yes Corrected 

3 4:27 

4:48 

Please include a 

space between the 

number and its unit 

(48 h). Please 

present the same 

tables as included 

yes no   Corrected 

https://www.jove.com/video/61198/title?status=a63204k


 

 

in the written 

manuscript. Details 

do not match. DAI 

or DABI? 15 DAI 

rats or 13 DAI rats? 

 

4 1:44 

 

Is the video of the 

animal injury 

necessary (1:44). If 

not, please remove 

it. 

no no The video of 

animal injury is 

necessary because 

it shows the 

mechanism of the 

injury, the main 

point of the 

protocol. 

Therefore, it has 

not been removed. 

 

 

 

 

 

5 2:39 

 

Please describe 

how the 

assessments are 

actually done. 

yes yes Was added the 

steps of measuring 

the neurological 

severity score 

(NSS) for assess 

neurological 

deficits after DAI.  

 

 

 

 

6. 5:10 

 

 yes no Changes have been 

made for a better 

demonstration of  

beta-APP 

immunoreactivities. 

 

 

7.  6:08  yes yes Acknowledgments 

were corrected. 

 

8.       
 


