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ABSTRACT 100 
 101 
Axonal degeneration is a prominent feature of many forms of neurodegeneration, and is 102 
also an early event in blast-mediated TBI, the signature injury of soldiers in Iraq and 103 
Afghanistan.  It has not been known, however, whether this axonal degeneration is what 104 
drives development of subsequent neurologic deficits after the injury. Wallerian 105 
degeneration slow strain (WldS) of mice are resistant to some forms of axonal degeneration 106 
by virtue of a triplicated fusion gene encoding the first 70 amino acids of Ufd2a, a 107 
ubiquitin-chain assembly factor, that is linked to the complete coding sequence of 108 
nicotinamide mononucleotide adenylyltransferase 1 (NMAT1). Here, we demonstrate that 109 
resistance of WldS mice to axonal degeneration after blast-mediated TBI is associated with 110 
preserved function in hippocampal-dependent spatial memory, cerebellar-dependent motor 111 
balance and retinal and optic-nerve dependent visual function. Thus, early axonal 112 
degeneration is likely a critical driver of subsequent neurobehavioral complications of 113 
blast-mediated TBI. Future therapeutic strategies targeted specifically at mitigating axonal 114 
degeneration may provide a uniquely beneficial approach to treating patients suffering the 115 
effects of blast-mediated TBI. 116 
 117 
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SIGNIFICANCE STATEMENT 146 

Blast-mediated traumatic brain injury (TBI) is the signature injury of soldiers associated with 147 
chronic cognitive, motor and visual dysfunction. An early event in blast-TBI is diffuse axonal 148 
damage, but it has not been known whether this drives development of subsequent pathology. 149 
WldS mutant mice are resistant to axonal degeneration via a mutation that enables maintenance 150 
of neuronal NAD levels after injury, and a number of different approaches have been proposed 151 
for augmenting NAD levels in the nervous system. We show that WldS mice are protected from 152 
axonal degeneration and deficits in cognition, movement and vision after blast-TBI. Axonal 153 
degeneration is thus a critical early event in this prevalent injury, suggesting therapeutic potential 154 
of specifically mitigating early axonal degeneration after blast-TBI. 155 
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INTRODUCTION 189 
 190 
Traumatic brain injury (TBI) is a leading causes of death and disability worldwide (Fleminger 191 
and Ponsford, 2005), with blast-mediated injury being the most common cause of TBI sustained 192 
by soldiers in the recent wars in Iraq [Operation Iraqi Freedom (OIF)] and Afghanistan 193 
[Operation Enduring Freedom (OEF)]. Blast-mediated TBI places patients at risk for both acute 194 
and long-term neurologic complications, such as cognitive dysfunction, motor decline, 195 
psychiatric conditions, visual deficits, and neuropathologic features similar to Alzheimer’s 196 
disease (Hoge et al., 2008; Wolf et al., 2009; Shively et al., 2012; Goldstein et al., 2012). Sadly, 197 
there are currently no treatment options for patients beyond supportive and rehabilitative care.  198 

Sheer forces associated with blast injury lead to widespread, diffuse and progressive 199 
axonal injury, known to play a role in multiple forms of neurodegeneration  (Yin, Britt and De 200 
Jesus-Cortes et el., 2014; Raff et al., 2002; Nakagawa et al., 2011; Magnuson et al., 2012; Lingor 201 
et al., 2012). This form of injury and its associated behavioral deficits can be recapitulated in 202 
rodent models, which may therefore be useful for discovery and validation of new therapeutic 203 
approaches (Goldstein et al., 2012; Mohan et al., 2013, Yin, Britt, De Jesus-Cortes et al., 2014). 204 
Pharmcologic agents shown to enhance flux of the NAD salvage pathway in normal mammalian 205 
cells and facilitate NAD rebound following doxorubicin exposure (Pieper et al., 2010; 206 
MacMillan et al, 2011; Pieper et al., 2014; Wang et al., 2014) confer protective efficacy on 207 
pathology and behavior in a rodent model of blast-mediated TBI (Yin et al., 2014), as well as 208 
other models of neurodegeneration in the central and peripheral nervous systems (Tesla et al., 209 
2012; De Jesus-Cortes et al., 2012; Blaya et al., 2014; Naidoo and De Jesus-Cortes et al., 2014; 210 
Dutca et al., 2014; Walker et al., 2015; Kemp et al., 2015; De Jesus-Cortes et al., 2015; Lee and 211 
De Jesus-Cortes et al., 2015; De Jesus-Cortes et al., 2016). In addition, treatment with NAD and 212 
NAD precursors, including nicotinamide, nicotonic acid mononucleotide, and nicotinamide 213 
mononucleotide (NMN), or over-expression of nicotinamide phosphoribosyltransferase 214 
(NAMPT), protect axons in vitro (Araki et al., 2004; Sasaki et al., 2006; Wang et al., 2005).  215 

To investigate whether NAD metabolism might be related to blast-mediated axonal 216 
degeneration in the brain, we applied the blast model of TBI to the Wallerian degeneration slow 217 
strain (WldS) of mice (Lunn et al., 1989). These mice were originally identified as being resistant 218 
to axonal degeneration after injury, and the wlds gene was subsequently shown to exist as a 219 
triplicated fusion gene encoding the first 70 amino acids of Ufd2a, a ubiquitin-chain assembly 220 
factor, that is linked directly to the complete coding sequence of nicotinamide mononucleotide 221 
adenlyl transferase 1 (NNMAT1) (Coleman et al., 1998; Conforti et al., 2000; Mack et al., 2001). 222 
WldS mice have demonstrated resistance to neurodegeneration in multiple models, including 223 
Charcot-Marie-Tooth disease 1A (Meyer zu Horste et al., 2011), Parkinson’s disease (Sajadi et 224 
al., 2004), and retinal ganglion cell death after optic nerve crush injury (Lorber et al., 2012). 225 
These mice have also shown improved motor function, learning and memory, relative to wild 226 
type littermates, after concussive brain injury (Fox and Faden, 1998). Although multiple 227 
mechanisms have been proposed for how WldS mice are protected from axonal degeneration 228 
(Wang and Barres, 2012), it has recently been shown in vitro that NAD, the metabolite of WldS / 229 
nicotinamide mononucleotide adenylyltransferase enzymatic activity, is both sufficient and 230 
specific to recapitulate the axonal protection seen with the WldS mutation, thereby strongly 231 
suggesting that NAD is a likely molecular mediator of WldS axonal protection (Wang et al., 232 
2015). Accordingly, we investigated whether WldS mice might be similarly protected from blast-233 
induced TBI, using measures of both neurodegeneration and behavioral outcome. 234 
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 235 
 236 
MATERIALS AND METHODS 237 
 238 
Animals: All animal procedures were performed in accordance with the [Author University] 239 
animal care committee’s regulations. Animals were housed in temperature controlled conditions, 240 
provided food and water ad libitum, and maintained on a 12-hr light/dark cycle (6 A.M. to 6 241 
P.M.). Heterozygous WldS mice (kindly provided by Dr. Karen O’Malley of Washington 242 
University (St. Louis, MO)were bred to generate WldS positive mice  and wild-type littermates. 243 
Genotyping was performed using genotyping primers fow-CGTTGGCTCTAAGGACAGCAC 244 
and rev-CTGCAGCCCCCACCCCTT. Mice used in study were male and 8 weeks of age at the 245 
time of injury.   246 
  247 
Blast-mediated traumatic brain injury:  Mice were anesthetized with ketamine/xylazine 248 
(1 mg/kg and 0.1 mg/kg, respectively) and placed in an enclosed blast chamber (50 cm long and 249 
33 cm wide) constructed from an air tank partitioned into two sides. One side was pressurized 250 
with a 13 cm opening between the partitions and covered with a mylar membrane. The 251 
unpressurized partition contained a restraint 10 cm from the mylar membrane, into which the 252 
mouse was placed. The head was freely moving whereas a metal tube shielded the body. 253 
Compressed air was forced into the pressurized partition until the mylar membrane burst at 27 254 
kPa. The blast wave impacted the test animal inside a foam-lined restraint to reduce blunt impact 255 
trauma of the head against the metal tube. The left side of the head was closest the origin of the 256 
blast wave. Sham-injured animals were anesthetized in the same way and not subjected to the 257 
blast. 258 
 259 
Barnes maze:  The Barnes maze test was conducted on a gray circular surface 91 cm in 260 
diameter, raised to a height of 90 cm, with 20 holes 5 cm in diameter equally spaced around the 261 
perimeter (Stoelting Co.). The surface was brightly lit and open in order to motivate the test 262 
animal to learn the location of a dark escape chamber recessed under one of the 20 holes, which 263 
was designated randomly. The maze was surrounded by a black circular curtain upon which were 264 
hung four different and equally spaced visual cues (with different shapes and colors), for 265 
orientation to the designated location of the escape chamber. Each animal was subjected to four 266 
days of training comprised of four trials per day. An area extending 4 cm from the escape hole in 267 
all directions was used as the target area for measurements (percent time in escape area, percent 268 
latency to escape and nose pokes). A probe trial was conducted on the subsequent day, during 269 
which time the escape chamber was removed and measurements were made to confirm the 270 
animal’s memory based upon spatial cues. Measurements were acquired with Anymaze video 271 
tracking software (Stoelting Co.), and analysis was conducted blind to treatment group. 272 
 273 
Foot slip assay:  We used standard procedures described by Luong et. al. (2011) to measure 274 
motor balance coordination. During the training period, mice were trained to cross the 80cm 275 
beam to enter a black box with nesting material 3 times a day over 2 consecutive days. On test 276 
day, behavior was videotaped during the task and foot slips were analyzed by an observer blind 277 
to condition and treatment group. 278 
 279 
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Provocative pattern-evoked electroretinography:  Provocative pattern-evoked 280 
electroretinography (pPERG) was used to objectively measure the function of RGCs by 281 
recording the amplitude of the PERG waveform 4 weeks after TBI. Mice were anesthetized with 282 
a combination of ketamine (0.03 mg/g, IP) and xylazine (0.005 mg/g, IP), and then placed on a 283 
heated recording table to maintain body temperature. They were placed in a 60° head-down 284 
position using a custom-made PERG system, and responses were evoked using alternating, 285 
reversing, and black and white vertical stimuli delivered on a monitor (Jorvec, Miami, FL). A 286 
reference needle electrode was placed at the base of the head, and a ground electrode was placed 287 
at the base of the tail to complete the circuit. Each animal was placed at the same fixed position 288 
in front of the monitor to prevent recording variability due to animal placement. Mice were 289 
positioned in a provocative head-down position for 15 minutes prior to initiation of the 290 
recording, and remained in this position throughout the duration of the recording. Stimuli (18° 291 
radius visual angle subtended on full field pattern, 2 reversals per second, 372 averaged signals 292 
with cut off filter frequencies of 1 to 30 Hz, 98% contrast, 80 cd/m2 average monitor 293 
illumination intensity) were delivered under mesopic conditions without dark adaptation to 294 
exclude the possible effect of direct photoreceptor-derived evoked responses. A diffuser placed 295 
over the pattern on the monitor also did not elicit a measurable evoked potential, further ensuring 296 
that the electrical responses were elicited from RGCs. The PERG response was evaluated by 297 
measuring the amplitude (peak to trough) of the waveform.  298 
 299 
Immunohistochemistry:  Mice were killed by transcardial perfusion with 4% paraformaldehyde 300 
at pH 7.4, and dissected brains were immersed in 4% paraformaldehyde overnight at 4°C and 301 
then cryoprotected in sucrose for 72 hours. Brains were then rapidly frozen in isopentane pre-302 
cooled to -70ºC with dry ice. All brains were stored in a freezer at -80°C before sectioning. 303 
Serial sections (40µm) were cut coronally through the cerebrum, approximately from bregma 304 
3.20 mm to bregma -5.02 mm and the brainstem and cerebellum, approximately from bregma - 305 
5.52 mm to bregma -6.96 mm (Mouse Brain in Stereotaxic Coordinates by Paxinos & Franklin, 306 
1997). Every section in a series of 12 sections (interval: 480 µm) was collected separately. All 307 
sections were stored free-floating in FD sections storage solution (FD Neurotechnologies, 308 
Columbia, MD) at -20ºC before further processing. For silver staining, sections were collected in 309 
0.1 M phosphate buffer (pH 7.4) containing 4% paraformaldehyde and fixed for 5 days at 4°C. 310 
Sections were then processed for the detection of neurodegeneration with FD NeuroSilver Kit II 311 
(FD Neurotechnologies) according to the manufacturer’s instructions (manual of PK301, 312 
available at www.fdneurotech.com). Sections were subsequently mounted on slides, dehydrated 313 
in ethanol, cleared in xylene, and coverslipped with Permount (Fisher Scientific, Fair Lawn, NJ). 314 
All images were taken with an Aperio ScanScope (Leica biosystems). 315 
 316 
Immunohistochemistry quantification:  Optical densitometry for quantification of 317 
immunohistochemical signal was modified from published methodology (Baldock and Poole et 318 
al. 1993). Images were captured with an upright microscope (Zeiss Axiolmager.M2) equipped 319 
with a monochromatic digital camera (Zeiss AxioCam MRm Rev.3), and processed with the Zen 320 
imaging software (Zeiss 2012, Blue edition). The microscope light intensity and camera 321 
exposure were held constant. The operator outlined areas of interest around specific brain regions 322 
and recorded the intensity of light passing through the slide. Degenerating axons allowed less 323 
light to pass through the section due to their uptake of silver stain, so lower light intensity 324 
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correlated with increased degeneration. The operator performing quantification was blinded to 325 
condition and treatment. 326 
 327 
Transmission electron microscopy: Mice were transcardially perfused with Karnovsky’s 328 
fixative solution (2% formaldehyde, 2.5% glutaraldehyde, 0.2M sodium cacodylate buffer, 1mM 329 
CaCl2, 2mM MgCl2, and 42.8mM NaCl, pH 7.4) two weeks after either sham- or blast-injury. 330 
Harvested brains were incubated in Karnovsky’s fixative solution overnight at 4 °C. Whole 331 
brains were cut ‹ Š‡Š‘‹œ‘ ƒŽ’Žƒ ‡in the horizontal plane (100um) using a vibratome (Leica 332 
1500). Sections that contained the hippocampus were selected, washed with 0.1M sodium 333 
cacodylate buffer, and then post fixed with 1% osmium fixative for 1hr. Sections were then 334 
dehydrated in a series of ethanol (50%, 75%, 95% and 100% ethanol) followed by embedding in 335 
EPON resin overnight at 65 °C. For TEM, ultrathin sections (60nm) adjacent to semithin 336 
sections were cut with an ultramicrotome, loaded onto a Formvar 200-mesh Ni grid, and 337 
counterstained with uranyl acetate and lead citrate. Specimens were examined using a JEOL 338 
JEM 1230 electron microscope with a Gatan UltraScan 1000 2k x 2k CCD camera. 339 
 340 
Statistical analysis: All data was compiled and analyzed using Graphpad Prism®. Significance 341 
was performed with ANOVA and Tukey post-hoc analysis.   342 
 343 
 344 
Results 345 
 346 
WldS mice are protected from learning and memory deficits after blast-mediated TBI 347 

To evaluate the susceptibility of WldS mice to blast-mediated TBI, we utilized a model of 348 
blast injury in which a blast wave is intiated by rupture of a mylar membrane to expose 349 
anesthetized mice in an enclosed overpressure chamber composed of an air tank partitioned into 350 
two sides (Mohan et al., 2013; Yin, Britt, De Jesus-Cortes et al., 2014)). A sealed mylar 351 
membrane covers a port between the two parts of the tank, and pressure is increased in the side 352 
without the mouse until the membrane ruptures at ~27 kilopascal (kPa). This rupture generates a 353 
blast wave that travels through the mouse’s untethered head located in a padded holder, while the 354 
body is shielded by a metal tube. The intensity of the blast wave is 149.8 +/- 2.09 kPa, and total 355 
duration of the pressue is ~10-15 mseconds, composed of both blast wave and wind gust (Mohan 356 
et al., 2013; Yin, Britt, De Jesus-Cortes et al., 2014).  357 

The Barnes maze was used to evaluate hippocampal-dependent spatial learning in WldS 358 
mice after blast-induced TBI, with 25 animals per group. This task consists of a round table with 359 
equally-spaced holes at its perimeter, one of which contains an escape cup. Mice are motivated 360 
to learn the location of the hole that houses the escape cup, so that they can enter the hole and 361 
hide in the cup to avoid exposure on the table. Testing was initiated 7 days after blast-injury, 362 
beginning with 4 days of training in which mice were allowed to find and enter the escape hole 363 
and then rest in the protective cup. All mice, regardless of genotype or injury group, learned how 364 
to locate the platform more quickly over the course of the 4 day training period (Fig. 1A), 365 
indicating equal ability to learn in all 4 groups. On day 5, the probe test was conducted, in which 366 
the escape cup was removed and the ability of the mouse to remember the location of the cup 367 
was then assessed by measuring the amout of time the mouse spent in the area surrounding 368 
where the cup had been previously located. During the probe test, sham-injured wild type 369 
animals spent ~50% of their time in the escape area, defined as a 5 cm radius surrounding the 370 
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escape hole (Fig. 1B). This indicates normal memory. There was no significant difference in 371 
performance in the probe test between sham-injured WldS mice and sham-injured wild type 372 
littermate mice. By contrast, blast-injured wild type mice spent only ~20% of their time in the 373 
escape area (Fig. 1B, p<.0001relative to sham-injury wild type), indicated the expected degree of 374 
impaired memory after injury (Yin, Britt, De Jesus-Cortes et al., 2014). No differences in this 375 
measure were seen between sham-injury and blast-injury WldS groups, either between eachother 376 
or in relation to sham-injury wild type mice. Importantly, both sham-injury and blast-injury WldS 377 
mice showed significantly greater time in the escape area than blast-injury wild type mice, with 378 
~40% time in escape area for sham-injury WldS (p<.01  relative to sham-injury wild type) and 379 
~43% time in escape area for blast-injury WldS (p<.0001  relative to sham-injury wild type) (Fig. 380 
1B). This indicates that while the WldS mutation does not improve the animal’s memory under 381 
normal conditions, it does effectively block impairment in memory that is normally observed 382 
after blast-injury. Importantly, none of the 4 groups differed in ability to physically participate in 383 
the task, as determined by comparable levels of average speed of locomotion  and total distance 384 
traveled during the probe test (Fig 1C,D). 385 

 386 
WldS mice are protected from motor coordination deficits after blast-mediated TBI 387 
 To assay balance and coordination, which are compromised after blast-mediated TBI in 388 
wild type mice (Yin, Britt, De Jesus-Cortes et al., 2014), we used the standard balance beam task 389 
(Luong et al., 2011). Mice were trained to cross an 80 cm long balance beam over 2 days prior to 390 
the day of injury, and tested again 28 days after injury. Video recording of all mice traversing the 391 
beam was analyzed for the number of foot slips by observers blind to genotype or injury group.  392 
Blast-injured wild type mice displayed 4 times as many foot slips as sham-injured wild type mice 393 
(p<.0001 relative to sham-injury wild type), while sham- and blast-injury WldS mice showed no 394 
difference from sham-injury wild type mice (Fig 2). Thus, WldS mice are protected from the 395 
motor coordination deficits that are normally observed after blast-mediated TBI in mice.  396 
 397 
WldS mice are protected from axonal degeneration after blast-mediated TBI 398 
 Histologic examination of brain tissue for evidence of axonal degeneration was 399 
conducted via silver staining 12 days after injury, as previously established (Yin, Britt, De Jesus-400 
Cortes et al., 2014). In wild type mice, blast-injury was associated with prominent silver staining 401 
of degenerating axons in CA1 stratum radiatum of the hippocampus, cerebellum, cortex, corpus 402 
callosum, olfactory bulb, striatum and thalamus, with no injury in the hypothalamus (Figs 3,4), 403 
consistent with previous observations in this TBI model (Yin, Britt, De Jesus-Cortes et al., 404 
2014). Utilization of an established technique of automated optical densitometry to quantify the 405 
magnitude of silver staining, in which decreased signal indicates greater impedence of light 406 
through the tissue due to silver staining of degenerating axons (Yin, Britt, De Jesus-Cortes et al., 407 
2014), showed that in all cases the extent of axonal degeneration in wild type mice after TBI was 408 
statistically significant compared to the sham group (Fig 5). There were no signficant differences 409 
between sham-injured WldS mice and sham-injured wild type littermate mice. In addition, no 410 
significant differences were noted between sham- and blast-injury WldS mice, and both of these 411 
groups also showed statistically greater signal than blast-injury wild type mice in CA1 stratum 412 
radiatum of the hippocampus, cerebellum, cortex, corpus callosum, and striatum (Fig 5).   413 
 Protective efficacy of the WldS mutation was confirmed by transmission electron 414 
microscopy of brain tissue 12 days after injury. This showed normal myelin and axonal 415 
mitochondrial structures in the CA1 stratum radiatum of sham-injury wild type mice, as well as 416 
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in sham- and blast-injury WldS mice (Fig 6).  Blast-injured wild type mice, however, showed 417 
degeneration of the myelin sheath, as well as abnormal outer membrane and internal cristae 418 
structures within neuronal mitochondria.  419 
 420 
WldS mice are protected from damage to the visual system after blast-mediated TBI 421 
 In patients, TBI frequently leads to chronic visual dysfunction, including light sensitivity, 422 
ocular motility dysfunction, optic neuropathy, retinopathy and visual field loss (Cockerman et 423 
al., 2009, 2011; Lemke et al., 2013). A measure of retinal ganglion cell and optic nerve damage 424 
is the pattern electroretinogram (PERG), a painless and non-invasive objective diagnostic 425 
measure of retinal function that requires no verbal communication between patient and 426 
clinicians. This latter feature is important, given the acute variance in mental functioning of 427 
patients after TBI. PERG is applicable to both human patients and mice, and measures stimulus-428 
evoked electrical activity of retinal cells in response to contrast modulation of patterned visual 429 
stimuli, such as a checkerboard, at constant luminance (Porciatti 2007). Because deficits in 430 
PERG typically do not arise until visual damage has been sustained, this procedure has been 431 
modified to the provocative PERG (pPERG), in which mice or people are tilted with their head 432 
down to increase intraocular pressure. This amplifies retinal sensitivity to damage, and has 433 
recently been shown to provide an early, sensitive and non-invasive indicator of future chronic 434 
visual dysfunction after TBI, including later development of retinal cell death (Dutca et al., 435 
2014).  When wild type mice were exposed to blast-injury, they exhibited significantly decreased 436 
pPERG amplitude 4 weeks later, relative to sham-injury wild type animals (p<.05)(Fig 7).  Both 437 
sham- and blast-injury WldS animals, however, showed pPERG amplitude preserved to the wild 438 
type sham-injury level (p<.01 relative to blast-injury wild type animals) (Fig 7), indicating the 439 
the WldS mutation protects the visual system after TBI. 440 
 441 
 442 
Discussion 443 
 444 
An estimated 5 million people in the US currently experience long-term motor and cognitive 445 
disability related to TBI, at an annual cost exceeding $70 billion (Fleminger and Ponsford, 446 
2005).  Although axonal degeneration is a major aspect of many forms of neurodegeneration 447 
(Warner et al., 2010; Wang et al., 2012; Smith et al., 2013; Johnson et al., 2013), its contribution 448 
to the pathological and neurobehavioral deficits of blast-mediated TBI, the most common form 449 
of TBI sustained by OIF-OEF soldiers, has not previously been investigated. Here, we show for 450 
the first time that early axonal degeneration is a critical driver of the development of neurologic 451 
deficits after blast-mediated TBI.  452 

We addressed this issue by utilizing WldS mice, which are are resistant to Wallerian 453 
degeneration, an active process of axon-autonomous self destruction linked to neurodegeneration 454 
in both injury and disease (Conforti et al., 2014). These mice have been previously shown to be 455 
protected from Wallerian degeneration of axons after injury in different regions, including spinal 456 
cord (Fujiki et al., 1996; Zhang et al., 1996) and dentate gyrus (Schauwecker and Steward, 457 
1997). Here, we report that these mice are broadly protected from axonal degeneration 458 
throughout the brain after blast injury. Importantly, this protection is also associated with 459 
complete preservation of normal cognitive, motor and visual function after blast exposure. These 460 
preclinical studies were highly powered and rigorously executed, with data acquisition and 461 
analysis conducted blind to genotype and injury group. Given the current lack of efficacious 462 
treatment for patients with any form of TBI (Smith et al., 2013), including blast-mediated, these 463 
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findings are highly clinically relevant. It is not known, however, whether the beneficial effect of 464 
WldS would also be effective post-injury, and future experiments will be needed to address this 465 
question.  In addition, future work focused on specifically delineating the role of WldS in the 466 
distinct hippocampal, cerebellar and visual neuronal circuitry underlying these disparate 467 
behavioral effects could add further insight into unique pathological processes involved in each 468 
domain after injury. 469 

Though our results are highly suggestive that early thereapeutic intervention aimed at 470 
mitigating axonal degeneration is likely to benefit patients suffering from blast-mediated TBI, 471 
they do not provide definitive evidence that the functional improvement in WldS mice after blast-472 
mediated TBI is exclusively the result of axonal protection. However, a complementary body of 473 
literature supports this notion. For example, it has recently been shown that genetic ablation of 474 
the Toll receptor adaptor sarm1 (sterile α/Armadillo/Toll-Interleukin receptor homology domain 475 
protein) gene, which is a key mediator of the active process of Wallerian degeneration, protects 476 
mice from multiple injury phenotypes after closed-head mild TBI (Henninger et al., 2016). These 477 
findings with a genetic loss of function model in TBI nicely complement our current findings 478 
with the gain of function WldS model.   479 

In addition, recent pharmacologic agents shown to enhance flux of the nicotinamide 480 
adenine dinucleotide (NAD) salvage pathway in normal mammalian cells have also 481 
demonstrated axonal protection associated with similar behavioral protection when administered 482 
after blast-mediated TBI (Yin et al., 2014), as well as behavioral and histological protection in 483 
concussive TBI models (Blaya et al., 2014). Furthermore, other avenues of augmenting neuronal 484 
NAD levels, such as administration of nicotinamide (Hoane et al., 2006, 2008; Goffus et al., 485 
2010), poly (ADP-ribose) polymerase inhibition (Clark et al., 2007; Stoica et al., 2014), or 486 
intranasal delivery of NAD (Won et al., 2012) also show protective efficacy in multiple 487 
histologic and behavioral outcome measures after concussive TBI. 488 

Thus, taken together, our findings support the notion that Wallerian degeneration is an 489 
important underlying pathological feature of blast-mediated TBI and its behavioral 490 
consequences. This illustrates the translational potential of NAD-augmenting therapies known to 491 
promote axonal survival, or future alternative approaches for promoting axonal survival, as a 492 
fruitful avenue for clinical treatment of patients suffering the effects of blast-mediated TBI. 493 
 494 
 495 
 496 

 497 

 498 

 499 

 500 

 501 

 502 

 503 
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Figure Legends 734 

 735 
Figure 1. WldS mice are protected from memory deficits after blast-mediated TBI. A, Latency to 736 
escape progressively decreases over the 4 day training period in all groups. B, Blast-mediated 737 
TBI wild type (WT) mice spend less than half the time as sham-injury WTs in the escape area 738 
(5cm radius around the escape hole) during the probe test of memory. Blast-mediated TBI WldS 739 
mice spend a comparable amount of time in the escape area as sham-injury WT and sham-injury 740 
WldS mice. C, The average locomotion speed during the probe trial was similar in all groups. D, 741 
The total distance traveled during the probe trial was similar in all groups. Each group consisted 742 
of 25 male congenic C57/Bl6 mice, aged 12-14 weeks. Data was collected and scored in an 743 
automated manner blind to treatment group. Data are represented as mean ± SEM. Significance 744 
was determined by two way ANOVA with Bonferroni post-hoc analysis. p-value labeled as 745 
**<0.01 and ****<0.0001 compared to blast-injured WT animals. 746 
 747 
Figure 2. WldS mice are protected from motor coordination deficits after blast-mediated TBI.  748 
Blast-injured wild type (WT) mice showed an increased number of foot slips relative to sham-749 
injury WT mice 28 days after blast-mediated TBI. Blast-injured WldS mice show a similar 750 
number of foot slips as sham-injury WT and sham-injury WldS mice. Each group consisted of 25 751 
male congenic C57/Bl6 mice, aged 12-14 weeks. Data was manually collected and scored blind 752 
to treatment group. Data are represented as mean ± SEM. Significance was determined by 2 way 753 
ANOVA with Bonferroni post-hoc analysis. Significance was determined by two way ANOVA 754 
with Bonferroni post-hoc analysis. p-value labeled as  ****<0.0001 compared to sham-injured 755 
WT animals. 756 
 757 
Figure 3. WldS hippocampus and cerebellum are protected from axonal degeneration after blast-758 
mediated TBI. High power representative pictures with 40x objective from hippocampal CA1 759 
stratum radiatum and cerebellum show prominent silver staining of degenerating axons (red 760 
arrows) in blast-injured wild type mice 12 days after injury, with little to no axonal degeneration 761 
in WldS mice after the same injury. Images shown are representative of typical images from 5 762 
animals in each group. Scale bar = 2.5mM. 763 
 764 
Figure 4. WldS mice are broadly protected throughout the brain from axonal degeneration after 765 
blast-mediated TBI. As in hippocampus and cerebellum, protection was also noted in WldS 766 
cortex, corpus callosum, olfactory bulb, striatum and thalamus. Noticeably, the hypothalamus is 767 
resistant to axonal degeneration in wild type mice after blast-mediated TBI. Images shown are 768 
representative of typical images from 5 animals in each group. Scale bar = 2.5mM.  769 
 770 
Figure 5. Optical densitometry of light transmitted through silver-stained brain regions from all 771 
animals in each group was used to quantify the protective effect. Signal was quantified for 18 772 
sections for each of the 5 animals, spaced 480 mM apart. Here, a greater value indicates that 773 
more light was able to pass unimpeded through the section by virtue of less silver staining, which 774 
reflects less axonal degeneration. Data are represented as mean ± SEM. P-value *<0.05 and 775 
**<0.01 determined by-two way ANOVA with Bonferroni post-hoc analysis compared to blast-776 
injured WT animals.  777 
 778 
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Figure 6. Transmission electron microscopy 12 days after injury shows normal myelin and 779 
axonal mitochondrial structures in the CA1 stratum radiatum of sham-injury wild type mice, with 780 
no differences seen in sham- and blast-injury WldS mice.  Blast-injured wild type mice show 781 
degeneration of the myelin sheath along, as well as abnormal outer membrane and internal 782 
cristae structures within neuronal mitochondria.  783 
 784 
Figure 7. WldS mice are protected from provocative pattern electroretinogram (pPERG) deficits 785 
after blast-mediated TBI.  pPERG serves as an early indicator of future chronic damage to the 786 
visual system, including retinal cell death. Wild type (WT) mice exhibit ~25% decrease in 787 
pPERG 4 weeks after blast injury, whereas both sham- and blast-injury WldS mice exhibit 788 
pPERG levels equivalent to sham-injury WT mice. Each group consisted of 25 male congenic 789 
C57/Bl6 mice, aged 12-14 weeks. Data was collected and scored in an automated manner blind 790 
to identify of the group, and is represented as mean ± SEM. P-value *<0.05 and **<0.01 791 
determined by-two way ANOVA with Bonferroni post-hoc analysis, compared to blast-injured 792 
WT animals. 793 
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