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Abstract

Diffuse axonal injury is thought to be the basis of the functional impairments stemming from mild
traumatic brain injury. To examine how axons are damaged by traumatic events, such as motor
vehicle accidents, falls, sports activities, or explosive blasts, we have taken advantage of the spinal
cord with its extensive white matter tracts. We developed a closed-body model of spinal cord
injury in mice whereby high-pressure air blasts targeted to lower thoracic vertebral levels produce
tensile, compressive, and shear forces within the parenchyma of the spinal cord and thereby cause
extensive axonal injury. Markers of cytoskeletal integrity showed that spinal cord axons exhibited
three distinct pathologies: microtubule breakage, neurofilament compaction, and calpain-mediated
spectrin breakdown. The dorsally situated axons of the corticospinal tract primarily exhibited
microtubule breakage, whereas all three pathologies were common in the lateral and ventral white
matter. Individual axons typically demonstrated only one of the three pathologies during the first
24 h after blast injury, suggesting that the different perturbations are initiated independently of one
another. For the first few days after blast, neurofilament compaction was frequently accompanied
by autophagy, and subsequent to that, by the fragmentation of degenerating axons. TuJ1
immunolabeling and mice with YFP-reporter labeling each revealed more extensive microtubule
breakage than did BAPP immunolabeling, raising doubts about the sensitivity of this standard
approach for assessing axonal injury. Although motor deficits were mild and largely transient,
some aspects of motor function gradually worsened over several weeks, suggesting that a low
level of axonal degeneration continued past the initial wave. Our model can help provide further
insight into how to intervene in the processes by which initial axonal damage culminates in axonal
degeneration, to improve outcomes after traumatic injury. Importantly, our findings of extensive
axonal injury also caution that repeated trauma is likely to have cumulative adverse consequences
for both brain and spinal cord.
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Introduction

Traumatic brain injury (TBI) is a common occurrence, with the CDC reporting ~2.5 million
cases in the US in 2010, of which about 75% were considered to be mild. In the general
population, falls, unintentional blunt trauma, motor vehicle accidents, and assaults are the
leading causes of TBI, although concussions in sports have received considerably more
media attention. These events are marked by localized impact (s) and often accompanied by
the abrupt deceleration of the body. In some situations, the localized impact is also
associated with hyperextension of the vertebral column, for example, whiplash in car
accidents. These types of events produce nervous system compression (first at the impact
site and then on the contrecoup side), tensile forces (resulting in stretching), and dynamic
shear (see Namjoshi et al., 2013 for overview). For members of the military, blasts represent
the major cause of TBI. The blast wave itself can damage the brain, and this damage is often
compounded by impact-related acceleration/deceleration and sometimes even accompanied
by a penetrating injury. Although typically overlooked due to the focus on the brain, blast,
impact, and acceleration/deceleration can also damage the spinal cord. Further, even single
concussive events have been reported to produce insidiously progressive neuropathology
(Johnson et al., 2012) and multiple concussive or subconcussive events are associated with
chronic traumatic encephalopathy (McKee et al., 2009, 2013), as well as increased risk of
Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis (Jordan, 2013;
Lehman et al., 2012).

Axonal injury is a key feature of TBI and a major source of TBI-related disability. Even
‘mild” TBI, which involves either brief or no loss of consciousness, typically produces
axonal injury that can be visualized with diffusion tensor imaging (Bazarian et al., 2013).
Axons are more susceptible to injury, due to their viscoelastic nature and the large surface to
volume ratio, than are neuronal cell bodies and myelin sheaths, and the parallel arrangement
of axons in white matter tracts makes them especially vulnerable to stretch and shear (Smith
et al., 2013). Although TBI-related damage to axons was originally termed diffuse axonal
injury (DAL), it is now realized to be multifocal, and more accurately termed traumatic
axonal injury (TAI). TAI encompasses a spectrum of changes involving the axolemma and
cytoskeleton that culminates in axonal disconnection. These changes have been
characterized using various closed-skull animal (e.g. Marmarou et al., 1994; recently
reviewed by Xiong et al., 2013) and in vitro models (e.g. Tang-Schomer et al., 2010, 2012),
and been shown to include microtubule breakage, neurofilament compaction, altered
membrane permeability, and activation of the Ca2*-dependent proteolytic enzyme calpain.
Surprisingly little is known, however, about how these different pathologies relate to one
another and how they progress over time. Moreover, whether axons are able to recover from
specific pathological changes and when axonal degeneration becomes inevitable remain
unclear (Giza and Hovda, 2014).

Better understanding of the relationship of the different axonal pathologies to one another
and to eventual axon degeneration is needed to develop strategies for mitigating progressive
injury. There is in particular a critical need for animal models in which TAI can be created,
separate from other confounding insults, and examined over time. The spinal cord is notable
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for long descending and ascending axonal tracts and thus is well-suited for creating TAI. To
damage the spinal cord in such a way that TAI would be the primary injury, we developed a
‘closed-body’ model in which high-pressure air blasts are delivered to the mouse dorsum.
Our use of multiple markers of cytoskeletal integrity has yielded new insights into the
complexity of the cellular mechanisms of axonal injury in vivo. In particular, we have found
that microtubule disruption, neurofilament compaction, and spectrin cleavage by calpain are
largely separate forms of early damage that can each lead to axonal degeneration.
Importantly, the extensive axonal damage seen in our model underscores the high
vulnerability of white matter tracts to tensile, compressive, and shear forces.

Materials and methods

Mice

Female mice were used at 6-8 weeks of age. Mice were weighed before the blast session,
and excluded if they weighed less than 14.0 g or more than 19.5 g. Behavioral studies were
conducted exclusively on C57BL/6 mice, which were either purchased directly from
Jackson Laboratories (JAX; Bar Harbor, ME), and/or taken from a colony maintained from
C57BL/6 founders originally obtained from JAX. Histological studies were performed on
both the C57BL/6 mice and on a strain of transgenic mice developed by the Sanes laboratory
(Bareyre et al., 2005) in which enhanced yellow fluorescent protein (EYFP) is expressed in
the corticospinal tract, henceforth called “CST-YFP” mice. These transgenic mice were
obtained by breeding floxed Thy1-EYFP reporter mice and Emx1-Cre driver mice, each of
which was created on C57BL/6 background. Founder transgenic mice were purchased from
JAX, and colonies of each were subsequently maintained at the University of Tennessee
Health Science Center (UTHSC). The Thy1 promoter is widely expressed in projection
neurons throughout the nervous system, whereas the Emx1 gene is selectively expressed in
cortical pyramidal neurons. Given the nearly 90% frequency of recombination in CST-YFP
mice, almost all corticospinal neurons, including their axons and synaptic terminals, are
visualizable with EYFP (Bareyre et al., 2005). Despite concerns regarding the leaky
expression of EYFP in small numbers of other neuronal populations (Willenberg and
Steward, 2012), this does not represent a problem for our studies because we used the YFP
fluorescence primarily to visualize axons in the main dorsal component of the CST (dCST).
Procedures involving animals adhered to National Institutes of Health (NIH) guidelines and
were approved by the Animal Care and Use Committee at UTHSC.

Blast injury of the spinal cord

Our model uses a pressurized air tank and a modified paintball gun to deliver high-pressure
air blasts to the dorsum of the animal through an opening in a mouse holder that shields the
rest of the animal’s body from the blast. The device was originally developed to study the
ocular damage caused by blast forces, such as those generated by improvised explosive
devices (Hines-Beard et al., 2012; also see Bricker-Anthony et al., 2014a,b), and was
subsequently adapted to model TBI by targeting the temporal side of the head (Guley et al.,
submitted for publication; Heldt et al., 2014; Reiner et al., 2014). For both ocular injury and
TBI, the blast is restricted to a circular area on the left side of the mouse’s head and the
other side of the mouse’s head and body is cushioned with soft foam rubber. To injure the
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spinal cord, we made several adjustments in the overall approach (Fig. 1). First, we surmised
that the vertebrae would at least partly block transmission of the blast such that the pressure
wave would be conducted to the spinal cord primarily across the interlaminar spaces. Thus,
we decided to maximize those spaces, by stretching out the torso of the mouse and then
taping the mouse’s paws and tail to a rigid cardboard sheet to keep the mouse in an
outstretched position. Second, rather than the circular opening, we fabricated a rectangular
opening, to correspond to the shape of the spinal cord. The dimensions we chose for the
opening were 3 mm wide (roughly the width of the vertebral column) by 5.5 mm long (the
length of ~3 segments). Third, we delivered two successive blasts, spaced 2—4 min apart.

At the start of each blast session, the pressure delivered by the gun was measured using a
pressure transducer placed in the same location the targeted region of the mouse’s body
would later occupy, and adjusted to reach the desired pressure level (Heldt et al., 2014;
Hines-Beard et al., 2012). We delivered somewhat higher pressures (70-psi peak pressure)
than those used to create mild TBI with the same blast cannon system (60-psi peak pressure;
Guley et al., submitted for publication; Heldt et al., 2014; Reiner et al., 2014), to compensate
for the greater protection provided by the substantial muscle and bone that overlie the spinal
cord.

Our blast procedure was as follows (Fig. 1). Immediately prior to blast, each mouse was
anesthetized with Avertin (400 mg/kg body weight) and the fur on its back was shaved. The
mouse was placed on strip of soft foam attached to the upper side of a 2.8 cm-wide, 32 cm-
long platform made of firm posterboard and its paws and tail were taped to the foam, to
stabilize the mouse in an outstretched position. The platform was slid into the mouse holder,
which is a transparent PVVC pipe with an inner diameter of 3.2 cm and a 2 cm circular
opening in one wall. To restrict the air blast to the T8-10 level of the vertebral column, we
probed for the vertebral spinous processes using a blunt dissecting tool, centered the T9
segment (£1 segment) within the 2 cm opening, and then covered the circular opening with a
firm, thin plastic sheet having a 3 mm wide x 5.5 mm long open slit. In this way, the
mouse’s body, except for the region under the slit, would be shielded from the blast. The
mouse holder was mounted and then positioned so that the exposed part of the mouse’s
dorsum was ~1 cm from the barrel of the gun when the blast was delivered. Despite the
foam cushioning, platform, and snug fit in the mouse holder, the mouse moved slightly
during the first blast, and so it was repositioned to re-center T9 before the second blast was
delivered. A small subset of mice received blasts at a lower level of pressure (20 psi). Sham
mice underwent the exact same procedure, except that the mouse holder was positioned
several centimeters from the gun barrel and a piece of cardboard was inserted between the
two to block the blast wave from reaching the mouse. The mice were kept in a heated
chamber while recovering from anesthesia and prior to returning to their cage. An analgesic
(liquid children’s Tylenol) was given orally, by addition to the drinking water at 35 mg/ml,
for 24 h after blast.

A few mice were videotaped at 1100 fps with a pco.1200 hs camera (The Cooke Corp.,
Romulus, MI) to visualize their movement during the blast. The camera was positioned
above the mouse holder and viewed the animal’s lateral aspect.
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Behavioral testing

Histology

Motor function was assessed using three standard tasks: rotarod, horizontal beam, and
treadmill. Mice were tested 1-3 days before blast to establish baseline levels for each mouse
for each task. The mice underwent several training trials for rotarod and horizontal beam
before the pre-blast testing. Treadmill running did not require previous training.

The horizontal beam was 1 cm in diameter and 80 cm long with a darkened escape box on
one end. Testing sessions were videotaped and consisted of 3 runs for each mouse,
conducted at least 10 min apart. Frames from the videos when the mice were roughly
midway between the two ends of the beam were selected and used to measure rump-height
(the vertical distance from the animal’s tail base to the beam). Rump-height distance has
been previously used to assess recovery from spinal cord injury (SCI) caused by cord
compression in mice (Apostolova et al., 2006), and provides an indication of the mouse’s
ability to support its body weight. Values for the 3 runs were averaged.

For the rotarod task, speed was increased from 4 rpm to 20 rpm over a four-minute period,
and then 20 rpm was maintained for another 2 min. Each testing session consisted of 3 runs,
at least 10 min apart. Latency to fall and speed of the rotarod at the time of fall were
recorded. Values for the 3 runs were used to obtain an average for each mouse. Mice that
were tested on rotarod before blast were assigned to either the blasted or sham group in such
a way that the average performance on rotarod was equivalent for both groups for each
cohort of mice.

The DigiGait Imaging System (Mouse Specifics, Quincy, MA) provides an automated and
highly detailed quantitative analysis of locomotion. In the DigiGait System, a mouse is
placed on a transparent motorized treadmill housed within a Plexiglas compartment and
images of the mouse walking are acquired by a high-speed video camera mounted
underneath the treadmill. Several seconds of video are then analyzed by the software to yield
measures of the spatial and temporal characteristics of gait for each limb and of interlimb
coordination. In initial trials, we found that all 6-8 week old female C57BL/6 mice were
able to keep up with the treadmill moving at a speed of 20 cm/s before blast and nearly all
could do so at 30 cm/s. Each mouse was tested at the slower speed first, and at the faster
speed several minutes later. Mice that were unable to maintain their position on the treadmill
were allowed several attempts, with several minutes between attempts.

The results of the behavioral tests are expressed as mean + standard error and were analyzed
statistically. Unless otherwise noted, paired t-tests were used to compare data for each group
of mice (blasted or sham) at a selected time after blast with data for pre-blast testing. Un-
paired t-tests were used to compare the change from before blast to a specific post-blast time
for blasted mice with the change for sham mice over the same time period.

Tissue preparation—Mice were anesthetized with intraperitoneal injection of avertin (0.2
ml per gram of body weight) and perfused transcardially with heparinized saline, followed
by 25 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (PB). The mice were then
dissected to expose the spinal cord, and the mouse torso with spinal cord still in situ was
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post-fixed overnight at 4 °C. The torso was washed in 0.1 M PB, and specific regions of
cord, identified in relation to the adjacent ribs were removed, so they could later be
sectioned separately. Note that we used vertebral levels to specify segmental levels of the
spinal cord, rather than identifying spinal cord segments by the criteria described in a recent
publication (Harrison et al., 2013). The spinal cord at levels above (typically T4 or T5
through T8) and through the blast site (typically T8 through T10 or T11) were embedded
and sectioned separately in the horizontal plane. The region below the blast site (typically
T10 or T11 through L5) was cut in the transverse plane. For transverse sections, the spinal
cords from 2 or 3 mice, at least one of which was blasted and another one being a sham,
were placed in the same tissue block for later quantitative analysis of the labeling. Tissue
was washed in PB, and then cryoprotected in 30% sucrose/PB. Sections were cut on a
cryostat at 30 um, mounted directly in serial order onto Superfrost/Plus slides (Fisher, Fair
Lawn, NJ), and stored at —80 °C until used.

Immunofluorescent processing—Slides were processed for immunofluorescence as
follows. Slides were washed in PB, permeabilized and quenched in 0.2% Triton X-100, 0.1
M glycine in 0.1 M PB for % h, blocked in 3% bovine serum albumin (BSA) in 0.1 M PB
for % h, and incubated in primary antibodies diluted in 3% BSA in 0.1 M PB. The following
primary antibodies were used: rabbit anti-PKCy (Abcam, #ab71558), rabbit anti-3APP
(Invitrogen, #51-2700), rabbit anti-LC3b (Novus Biologicals, #NB600-1384), rabbit anti-
all-spectrin breakdown product 150 kDa (SBDP150, Ab 37; Roberts-Lewis et al., 1994;
kindly provided by Robert Siman, Univ. of Pennsylvania), mouse anti-Bl11-tubulin (TuJZ1;
Covance Research Projects, #MMS-435P), and mouse RMO14 (which binds to a region
within the rod domain of the medium neurofilament subunit (NF-M) that is exposed by
proteolysis; Hall and Lee, 1995; kindly provided by Virginia Lee, Univ. of Pennsylvania).
After incubation in a mix of primary antibodies overnight at 4 °C, slides were washed and
then incubated with appropriate species-specific secondary antibodies conjugated to Alexa
488, 594, or 647 (Invitrogen) for 1 h at room temperature. For double-labeling with the
mouse monoclonal antibodies, TuJ1 and RMO14, sections were incubated in a mixture of
goat anti-ms lgG2a-Alexab55 and goat anti-ms IgG1-Alexa594 (A21137 and A21125,
respectively, Invitrogen; Manning et al., 2012). Slides were washed and then coverslipped in
Fluoromount-G (SouthernBiotech, Birmingham, AL).

Image capture and analysis

Images of fluorescently labeled sections were captured with a Zeiss 710 confocal laser-
scanning microscope. Images were subsequently processed and analyzed using Adobe
Photoshop and/or Image J. To assess co-expression, we viewed enlarged images on a
computer monitor with Adobe Photoshop, and created overlying layers in which we marked
axonal profiles labeled with a particular fluorophore in one layer, and then did the same for
the other fluorophore channel(s).

To evaluate the loss of axons in the dCST, we used PKCy as a marker, as has previously
been done to assess the effectiveness of pyramidotomy and a variety of spinal cord lesions
(Bradbury et al., 2002; Cafferty and Strittmatter, 2006). Analysis was performed on mice
sacrificed at =7 days after blast to allow time for the distal ends of axons injured at mid-
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thoracic levels to degenerate. Slides containing sections corresponding to lower thoracic and
upper lumbar levels were selected for immunostaining. Analysis was limited to segmentally
matched sections at T13-L 1, using the shape of the dorsal funiculus as shown in the Allen
Brain Atlas to determine segmental level. Images of 2-3 sections from each of the 2-3
spinal cords contained in a given tissue block were captured under identical conditions over
a few hour time period. The optical density of the dorsal columns was measured with Image
J to determine background labeling, and used to adjust all the images to the same
background optical density level. The area occupied by the dCST was outlined and a
threshold level was set to distinguish labeled vs unlabeled pixels. The area above threshold
was then measured, using the same threshold for all sections in a given tissue block. For the
histograms in Fig. 10C, the area > threshold for blasted mice was expressed as a percentage
relative to the sham mouse in the same tissue block. For tissue blocks containing spinal
cords from 2 sham mice, their average dCST area > threshold was used to normalize the
dCST area for the blasted mouse. For statistical comparisons, the absolute areas of blasted
and sham mice in the same tissue block were compared using paired t-tests. Data from mice
at 29-37 days after blast were pooled together for the results at 1 month post-blast.

Fig. 2A shows pressure waves recorded by a pressure transducer positioned at the same
distance from the barrel of the gun as the mouse’s dorsum would be during a blast and with
the same protective shielding in place. A typical 70-psi blast reached peak amplitude within
8 ms and then decayed to 0 psi within 17 ms. Although the mouse was taped to a cushioned
platform and fit snugly in the mouse holder, greatly limited its movement, high-speed video
recordings revealed that movement in the form of dorsiflexion occurred during blast. The
mouse in Fig. 2D, for example, showed a maximum deflection of 1.1 cm (panel D3)
approximately 7 ms after the blast was delivered. The site of maximum deflection moved
rostrally and caudally as the pressure wave propagated along the mouse’s body (panels D4—
8), until the dorsum returned to its original position (panels D9-10). The bending of the
mouse’s dorsum thus followed roughly the same time course as the blast pressure wave and
extended as far rostral as ~T4. The mouse’s head and the caudal part of its body lifted up
during the blast wave, to accommaodate the pressure forces exerted on the torso. The
mouse’s dorsiflexion was seemingly accompanied by compression of the underlying foam
cushion, but since the mouse’s body and fur partly blocked the view of the cushion during
the blast, the extent of compression could not be determined. Analysis of 6 videos revealed
an average maximum deflection of 1.4 cm. Based on the length of the mouse dorsum at the
time of maximal deflection (panel D3) as compared to before or after blast (panels D1 or
D10), we calculated that axons extending from the brain to lumbar levels would have been
stretched to ~30% more than their normal length. The energy remaining from the blast (i.e.
that not transformed into kinetic energy by the mouse’s dorsiflexion and foam’s
compression or absorbed by the overlying skin, muscle, and vertebral column) would then
be transmitted to the spinal cord and propagated through its parenchyma. Despite the
extensive dorsiflexion, the mice displayed no signs of vertebral column fracture or spinal
cord injury in that they resumed normal activity after waking from anesthesia. No structural
damage or hemorrhaging in the skin, muscle, vertebral column, meninges, or spinal cord
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was evident upon dissection. In addition, immunostained sections from mice sacrificed
between 2 days and 5 weeks after blast showed none of the hallmarks of localized injury
(e.g., tissue loss, demyelination, microglial activation, and/or astrocytic scarring) that
accompany compressive or contusive injury (Ma et al., 2001; Basso et al., 2006).

Axonal injury at 1-2 days following blast

We processed horizontal sections of thoracic spinal cord for immunofluorescence using a
variety of markers, focusing initially on mice sacrificed 1-2 days after blast, when axonal
injury has typically been observed following closed-head TBI. When microtubules are
disrupted, axonal transport is impaired and proteins such as 3-amyloid precursor protein
(BAPP) accumulate proximal to the site of injury. As shown in Figs. 3A-E, BAPP+ axonal
profiles were present in the white matter at thoracic spinal cord levels in mice sacrificed at
1-2 days after blast. Many of the BAPP+ profiles looked otherwise normal, but some
appeared slightly swollen and some resembled enlarged terminal bulbs. We found APP+
axonal profiles in each of the 9 blasted mice, but in none of the 5 sham mice, we examined.
The PAPP+ axonal profiles were common in lateral and ventral white matter and rare
dorsally, and more abundant above (i.e. T4-8) than at (i.e. T9-10) the targeted level of the
blast, and infrequent more caudally. For example, nearly all (23 of 26) BAPP+ labeled
profiles in the T6-9 strip of lateral white matter shown in Figs. 3A-D were located in the
rostral third of the strip.

Another common sign of axonal injury is neurofilament compaction, which results from the
partial digestion of the sidearms of medium- and heavy-neurofilaments, and can be detected
by immunostaining with the RM0O14 monoclonal antibody (Hall and Lee, 1995). We
observed extensive RMO14 labeling in all 24 mice we examined that had been sacrificed at
1-2 days after blast, but no such labeling in any of the 11 mice with sham blasts. As shown
in Fig. 3F, RMO14+ profiles were most numerous in the lateral and ventral white matter,
occasionally present in the dCST, and rare in the dorsal columns and the gray matter.
RMO14+ axonal profiles were most abundant between T4 and T12, sometimes present as
caudal as L2, and much more numerous than those immunolabeled for BAPP. We
occasionally detected BAPP+/RMO14+ profiles (Fig. 3E), but they were relatively rare,
comprising only 9% (25 of 277) of BAPP axonal profiles at 1-2 days after blast. Moreover,
RMO14+ profiles and BAPP+ profiles usually differed in their morphologies, with the
RMO14+ profiles typically appearing vacuolated rather than bulbous.

Given the relative scarcity of both RMO14 and BAPP labeling in the dorsal white matter, we
next used CST-YFP transgenic mice to directly visualize dCST axons, focusing on mice
sacrificed 2 days after blast, when RMO14+ and BAPP+ labeled structures are most
abundant in lateral and ventral white matter. The YFP fluorescence revealed numerous,
bulbous axonal endings (Figs. 4B-E), some as large as 20 um long and 10 um wide,
reminiscent of the terminal axonal bulbs that form after microtubule breakage. In accord
with this, some of the YFP+ bulbs immunostained for BAPP (Fig. 4C). These, however,
constituted only a small minority of the YFP + axonal bulbs (5.9%, or 36 of 607, in sections
from 5 mice at 2 days post-blast), suggesting that BAPP accumulation greatly underestimates
the extent of microtubule disruption, at least in the case of the dCST. Although some
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RMO14+ axonal profiles were present in the dCST (Fig. 4D), YFP+ axonal bulbs that
labeled for RMO14 were exceedingly rare (only 4 out of >2000 total bulbs examined in 12
mice at 1-2 days post-blast).

Interestingly, YFP+ axonal bulbs were typically clustered at discrete rostral-caudal locations
within the dCST, separated from other such clusters by normal appearing YFP+ axons
stretching for ~1 mm, such that clusters were about one segment apart. In the mouse whose
spinal cord is shown in Fig. 4E, for example, one cluster of YFP+ axonal bulbs was present
at approximately T6-T7, another at T7-T8, and a third cluster at T5-T6 (not shown), near
the rostral edge of the section. Accordingly, for mice blasted later during the course of these
experiments, we removed the spinal cord starting at more rostral levels and often found a
cluster of YFP+ bulbs located approximately at T4-T5. The mice perfused 2 days after blast
commonly had 2, often 3, and sometimes even 4 clusters of YFP+ bulbs in the dCST.
Possible explanations for the clustering of YFP+ bulbs at discrete rostral-caudal positions in
the dCST are provided in the Discussion.

Onset of axonal injury

Given that axonal injury was extensive by one day after blast, we next wanted to know how
soon the various histological signs of axonal injury become manifest. Accordingly, we
sacrificed two mice at 3 h and another two mice at 6 h after spinal cord blast. A few small
YFP+ axonal bulbs were present in the dCST of both mice sacrificed at 3 h (Fig. 5A). By 6
h, the YFP+ bulbs were larger and more numerous, although still smaller and less abundant
than at 1-2 days (Figs. 5B,C). Moreover, the YFP+ bulbs were already grouped into 1 or 2
clusters at these early times.

We immunolabeled some sections from these mice with RMO14 and anti-BAPP. We did not
detect RMO14 labeling in any YFP+ bulbs at either 3 or 6 h post-blast, in accord with the
results from mice at 1-2 days after blast. In contrast, labeling for BAPP was more common
(Fig. 5C). Strikingly, 37.8% (14 of 37) and 45.8% (11 of 24) of the YFP+ bulbs in the dCST
labeled for BAPP at 3 h and at 6 h, respectively. Thus, although the number of YFP+ bulbs
examined at early times was small, they expressed BAPP more frequently within 6 h of the
injury than later, the incidence of co-expression declining to 8.1% by 1 day (30 of 372) and
to 5.9% by 2 days (see above).

We also observed BAPP+ axonal profiles in the lateral and ventral white matter at 3 and 6 h
(not shown), although they were less common than in the dCST. By contrast, RMO14+
axonal profiles, while few in number, were more abundant in the lateral and ventral white
matter (Fig. 5D) than in the dCST.

Axonal swelling and die-back

Having established that blast causes extensive axonal injury within 2 days, we wanted to
further explore the pathological process. Since PAPP immunolabeling revealed far fewer
axonal bulbs in the dCST than did YFP reporter labeling, we turned to other markers to
detect axonal bulbs. Neuronal class 111 B-tubulin is widely expressed in neurons and, as with
other proteins that are normally transported anterogradely, it accumulates proximal to sites
of microtubule breakage (Tang-Schomer et al., 2012). Double labeling for BAPP and with
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the monoclonal antibody TuJ1 showed that most BAPP+ axonal profiles in the lateral and
ventral white matter indeed appeared swollen when viewed for TuJ1 immunofluorescence
(Fig. 6A). However, numerous additional TuJ1+ axonal profiles were obviously swollen but
did not label for BAPP. Thus, here too, more axons exhibit impaired axonal transport than
was demonstrated with BAPP immunostaining. We therefore subsequently used YFP
fluorescence in the dCST and TuJ1 immunostaining in the lateral and ventral white matter,
rather than BAPP immunostaining, to visualize this type of pathology. In contrast to our
observation that damaged axons rarely label for both BAPP and RMO14 in the lateral and
ventral white matter (Fig. 2E), we found considerably more double-labeling using the TuJ1
and RMO14 antibodies. In some cases, the double-labeled axons were not obviously
swollen, thereby simply verifying that axons exhibiting neurofilament compaction contain
microtubules. However, some axons that appeared swollen with TuJ1 immunostaining were
also RMO14+. Interestingly, we found that the percentage of swollen TuJ1+ axonal profiles
labeled with RMO14 increased progressively with time after blast, from 2.4% (1 of 42) at 6
h, 25.5% (14 of 55) at 1 day, and then to 46.3% (37 of 80) at 2 days (Figs. 6B—E). Together,
these results suggest that axonal bulbs become increasingly subject to proteolysis over the
first few days following injury, perhaps as they gradually ‘die-back’ (Kerschensteiner et al.,
2005). Moreover, the abundance of RMO14+ axonal profiles that did not appear swollen
suggests that, distal to the point of the initial injury, axons may frequently exhibit
neurofilament compaction. Thus, many RMO14+ axonal profiles may correspond to distal
parts of the axon beginning to undergo Wallerian degeneration.

Close inspection of the lateral and ventral white matter suggested that some swollen TuJ1+
axonal bulbs (arrowheads in Figs. 6C, E) were located within gaps in the tissue. To examine
this further, we visualized the TuJ1 immunolabeling with a red fluorophore (Fig. 6F) and the
background fluorescence of the spinal cord (Fig. 6G), by capturing the signal from the green
channel with high laser power and gain and no immunolabeling. The white matter, with its
swollen axonal bulbs and the empty spaces occupied by some of the bulbs, was then readily
visualizable. The presence of such space suggests that the axonal bulbs therein had initially
been larger and had since diminished in size, as would occur with progressive axon die-
back.

Calpain activation and axonal injury

Calcium homeostasis has been shown to be perturbed in a variety of animal models of TBI.
Increased internal Ca?* activates calcium-dependent proteases, which rapidly leads to
further adverse outcomes. Calpain is one such protease, whose activation can be detected
using antibodies that bind to the breakdown products it produces, most commonly, a 150kD
fragment of the cytoskeletal protein all-spectrin (spectrin breakdown product, SBDP,
Roberts-Lewis et al., 1994). To assess calpain activation following blast SCI, we therefore
immunolabeled sections for SBDP150. At 2 days post-blast, we found little SBDP150
labeling in the dCST, with ~0.5% (7 out of ~1350) of the YFP+ bulbs we examined being
SBDP150+. The frequency of SBDP150 expression was higher at 3 h after blast (3.3%, or 1
of 30) and even more so at 6 h (17.9%, or 17 of 95; Fig. 7A), thus following the same
temporal pattern as PAPP expression in YFP+ CST bulbs (i.e. peaking at 6 h post-blast),
albeit at even lower levels.
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SBDP150+ axonal profiles were more common in the lateral and ventral white matter than
in the dCST (Figs. 7B-F). At 3 and 6 h post-blast, some axonal profiles stained brightly for
SBDP150, but appeared otherwise normal or only slightly swollen. Combining SBDP150
immunostaining with TuJ1 immunolabeling confirmed that the SBDP150+ profiles, some of
which were small and might otherwise have been overlooked, were indeed axonal.
SBDP150+ profiles were largely distinct from those labeled with RMO14. For example,
only 4.8% (2 of 42) SBDP+ axonal profiles present at 6 h post-blast were also RMO14+.

At 1 and 2 days post-blast, SBDP150 labeling was less intense than at 3 and 6 h and
SBDP150+ axonal profiles were typically either bulbous, suggesting concomitant
microtubule disruption, or vacuolated, reminiscent of RMO14 labeling. The relative
abundance of vacuolated SBDP+ profiles increased over time, and consistent with this
observation, 8.3% (9 of 108) and 79.8% (103 of 129) at 1 and at 2 days, respectively, were
also RMO14+. RMO14+ axonal profiles were far more abundant than SBDP150+ axonal
profiles at both times (Figs. 7D, F). It is possible that SBDP150 immunostaining does not
demonstrate the full extent of spectrin breakdown, because the thin rim of spectrin
underlying the axolemma is more difficult to detect than the neurofilament-rich core of the
axoplasm, particularly as degradation proceeds. Indeed, by 3 days post-blast, although the
frequency of double-labeling had increased, with 88.9% (32 of 36) of SBDP150+ profiles
also being RM0O14+, SBDP150+ profiles were much less abundant than earlier.

Autophagy and fragmentation of distal axon segments

Many RMO14+ axonal profiles in the lateral and ventral white matter appeared to be
vacuolated, reminiscent of RMO14+ axons that have been described following impact
acceleration TBI (Marmarou et al., 2005; Stone et al., 2001). EM has shown that this general
morphology is associated with mitochondrial swelling and autophagosome activity (Buki et
al., 1999; Pettus and Povlishock, 1996; Stone et al., 2001). The presence of autophagosomes
can be demonstrated at the LM level by using microtubule-associated proteins 1A/1B light
chain 3B (LC3b) as a marker (Castillo et al., 2013; Kndferle et al., 2010). We therefore
labeled a series of sections for LC3b and the RMO14 antibody. Between 6 h (the earliest we
looked) and 2 days post-blast, many RMO14+ pro-files were also LC3b+, consistent with
autophagy contributing to their vacuolated appearance (Figs. 8A-C). Single RMO14+
profiles were also common, but LC3b+ profiles that were not also labeled for RMO14 were
very rare.

The RMO14+/LC3b+ vacuolated profiles we observed in the lateral and ventral white matter
at 2 days post-blast were typically larger than the RMO14+ profiles that were LC3b-
negative. This size difference became more obvious by 3 days after blast (Figs. 8D-F). The
very large size of some RMO14+/LC3b+ vacuolated profiles may be due to the
accumulation of many organelles, leading to massive swelling before degradative processes
transpire to reverse the swelling. The proportion of RMO14+ profiles that were LC3b-
negative also seemed higher at 3 days than at 2 days. While some of these were vacuolated,
others were particularly small and had a simple morphology suggesting they might be
fragments of axons. These RMO14 + ‘fragments’ often formed longitudinally-oriented
linear arrays, consistent with their representing the distal parts of axons undergoing
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Wallerian degeneration (Kerschensteiner et al., 2005). In support of this, as shown in Figs.
8G-I, a favorable plane of section ‘captured’ a long segment of a vacuolated axon seemingly
breaking up into fragments. By 5 and 7 days post-blast, RMO14+ axonal profiles were
typically small and very rare, and immunostaining for LC3b was virtually undetectable. The
prolonged presence of small RMO14+ profiles is consistent with the relatively stable nature
of neurofilaments compared to other cytoplasmic proteins, and suggests that mechanisms
other than autophagosome activity, for example phagocytosis by microglia, might be
responsible for their ultimate removal.

We also followed the progression of axonal injury over time in the dCST. At 3 days post-
blast, YFP+ axonal bulbs were still present, but they were much less abundant and smaller
than at 1 or 2 days (Figs. 9A—-C). As compared to 2 days post-blast, a greater (but still small)
proportion of YFP+ bulbs were also SBDP150+ (5 of 138, or 3.6%; Fig. 9B) or RMO14+ (9
of 88, or 10.2%; Fig. 9C). The YFP fluorescence also revealed very small, bright puncta
(e.g. Fig. 9C), seemingly representing early signs of axon fragmentation. At 5 and 7 days
(the latest we looked), few YFP+ bulbs were still present, fragmentation was more obvious,
and small RMO14+ profiles were scattered along the dCST (Figs. 9D, E). Thus, dCST axons
begin to show clear signs of degeneration by 3 days after blast.

Lower blast pressures

To gain further insight into how biomechanical forces produce axonal injury, we subjected
several mice to lower blast pressures. The pressure waves for 20-psi blasts (Fig. 2) had
smaller peak amplitudes and shorter durations than the 70-psi blasts, such that the amount of
energy delivered by these two pressure levels differed by a factor of 4.8 (the ratio of the
areas under the pressure curves). High-speed video recordings showed that 20-psi blasts
caused roughly half the dorsiflexion of 70-psi blasts (average maximal dorsiflexion = 0.65
cm for two 20-psi blasts, vs 1.4 cm for six 70-psi blasts). We assessed axonal injury at 2
days after blast, when the effects of 70-psi blasts are most evident. Whereas hundreds of
YFP+ axonal bulbs were present in the dCST between T4-8 (average = 706; range from
~450 to ~1000; n = 4) after 70-psi blasts, the 20-psi blasts produced very little dCST injury
(average = 14 YFP+ axonal bulbs; range from 6 to 19; n = 4). Further, we observed very
little neurofilament compaction or microtubule breakage in the lateral and ventral white
matter of the mice that had been subjected to 20-psi blasts.

Degeneration of CST axons

We also evaluated the damage to the dCST by immunostaining for PKCy, which specifically
labels dCST axons, using transverse sections at T13-L1 from mice at 7 days after blast, to
allow time for injured axons to degenerate. As shown in Figs. 10A and B, PKCy
immunolabeling in the dCST was less intense in blasted than in sham mice, and PKCy+
axons (selected by thresholding, as described in Materials and methods) occupied a smaller
area, suggesting a reduction in their numbers. The area above threshold for the dCST of
blasted mice averaged 72.6% of the value for the sham mice (16 blast, 10 sham; p =
0.00407). This apparent loss of dCST axons at 1 week after blast is consistent with the
presence of axonal bulbs at 1-2 days and the subsequent fragmentation of dCST axons
described above.
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We also assessed dCST injury in another set of mice sacrificed at 29-37 days post-blast,
after they had undergone behavioral testing. The area occupied by PKCy+ dCST axons in
these mice averaged 92.4% that of their sham littermates (30 blast, 22 sham; p = 0.0338).
That the decrease in dCST area at 29-37 days post-blast was not as pronounced as at 7 days
post-blast (p = 0.0464; type 3 ttest, 2 samples with unequal variances) suggests that the
dCST ‘recovered’ with time.

Motor behavior

Rotarod—Mice subjected to blast SCI were able to walk as soon as they recovered from
the anesthesia. They did, however, show impairments on several motor tests. As shown in
Fig. 11A, the mice stayed on the rotarod for an average of 208-209 s before blast. The day
after sham blast, the sham mice took an average of 40 s longer to fall, presumably because
the pre-blast testing served as an additional training session. In contrast, the blasted mice fell
off the rotarod 5 s sooner. The change in latency to fall between the two time points was
statistically significant for the sham mice (p = 0.007), but not for the blasted mice. In
addition, the latencies for the blasted vs sham mice were significantly different from one
another the day after blast (p = 0.033) but not the day before.

We tested a subset of these mice (15 blasted and 15 sham) on rotarod at roughly weekly
intervals for up to 1 month after blast. As shown in Fig. 11B, the performance of the sham
mice was better the day after sham blast than before blast (p = 0.01), due to the additional
training (as explained above), but did not consistently show further improvement. In
contrast, the performance of the blasted mice was relatively stable for the first 2 weeks after
blast compared to before blast, and then gradually improved, such that their performance at
27 days post-blast was significantly better than before blast (p = 0.017).

Horizontal beam—Performance on a narrow horizontal beam is often used to evaluate
balance, posture, and coordination, with rump-height distance as the animal traverses the
beam providing an estimate of its ability to support its hindquarters (Apostolova et al.,
2006). When the same 15 blasted and 15 sham mice tested weekly on rotarod were tested on
horizontal beam, their performance followed similar temporal trends, with the blasted mice
showing early deficits and gradually improving (Fig. 11C). The average rump-height was
the same for the 2 groups of mice before blast (2.71 and 2.73 cm), but 1 day after blast it
was lower for the blasted mice (2.55 cm) and greater for the shams (2.82 cm). The change in
rump-height from before blast between the 2 groups of mice was significantly different for 1
day (p = 0.038) and for 6 days post-blast (p = 0.018). The rump-height for the sham mice
continued to increase over the 4-week testing period, presumably related to the mice
growing over this time frame. The blasted mice also showed a gradual increase, with their
rump-height at 20 days (p = 0.0015) and at 27 days (p = 0.00057) being significantly greater
than before blast. Thus, blasted mice showed initial deficits on both rotarod and horizontal
beam, and clear improvement by 3-4 weeks.

Gait analysis—To further assess motor function, we performed gait analysis using the
DigiGait treadmill system. Each mouse was tested at two speeds, 20 cm/s and 30 cm/s. As
recently noted by Krizsan-Agbas et al. (2014), variability was greater at the lower speed, and
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so we focused our analysis on 30 cm/s. We tested 34 blast and 27 sham mice before blast
and again at 2 days post-blast. The blasted mice exhibited small changes in several temporal
parameters. For example, the proportion of time the forelimbs spent in stance vs swing, and
in brake vs total stride duration showed small but significant increases in blasted but not in
sham mice (data not shown). Blast also produced significant changes in diagonal phase
dispersion. For mice on a treadmill at 30 cm/s, the right forelimb and the left hindlimb
normally step at nearly the same time, as do the left forelimb and the right hindlimb, such
that diagonal phase dispersion is normally close to 0%. At 2 days after blast, the phase
differences between the right forelimb and the left hindlimb and between the left forelimb
and the right hindlimb were significantly increased in the blasted mice but not in their sham
littermates (Fig. 11D). Thus, interlimb coordination was slightly, but significantly, impaired
at 2 days after blast.

We tested a subset of these mice on the DigiGait treadmill at weekly intervals for up to 4
weeks. The mice subjected to blast did not show consistent changes in any of their gait
parameters over this time period, nor were there consistent differences between the blasted
and sham mice. Whether the absence of persistent deficits indicated recovery of normal gait
and/or if it reflected the increased variability in gait that other investigators have described
when over-training rodents on treadmill systems (Beare et al., 2009; Krizsan-Agbas et al.,
2014) is not clear. We did, however, observe a striking loss in the ability of many blasted
mice to maintain their position on the treadmill over the 4-week long test period (Figs. 11E-
F). For the 24 blasted mice that could run at 30 cm/s before blast, 8 mice (33.3%) could no
longer do so by 4 weeks, whereas only one (4.5%) of the 22 sham mice that could initially
run at 30 cm/s could no longer do so 4 weeks later. This difference between blasted and
sham mice was highly significant (p = 2.3 x 10712; chi square test). A similar temporal
pattern of impairment was found for a treadmill speed of 20 cm/s. Of 26 blasted mice and 23
sham mice that could run at 20 cm/s before blast, 5 of the blasted mice (19.2%) but only 1 of
the sham mice (4.3%) could no longer do so at 4 weeks. This difference too was highly
significant (p = 5.2 x 1079%; chi square test).

Thus, the mice showed a gradual decrement in treadmill performance that was more
pronounced at the higher treadmill speed. All blasted mice remained capable of free
locomotion and showed sustained recovery on rotarod and horizontal beam. For example, 3
blasted mice that lost the ability to maintain their position at 30 cm/s on the treadmill, were
also tested and showed improvement on rotarod and horizontal beam over the 4-week long
time period. In addition, the average weights for both groups of mice (blasted and sham)
were essentially the same before blast and again 4-5 weeks later. Thus, the gradual
worsening of treadmill performance did not appear to reflect any underlying general health
issue or disability.

Discussion

In these studies, we used the spinal cord with its extensive white matter tracts to produce
axonal injury and characterize its progression. The cell bodies giving rise to most of the
damaged axons are located at a distance from the region of spinal cord we targeted (i.e. in
the brain), so direct injury to them is not a confounding factor, as it can be in animal models
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of TBI. Our approach also has the advantage of being a closed-body model and does not
involve any surgery that might itself produce secondary effects. By using multiple markers
of cytoskeletal function and integrity, and tracing progression over time, we have gained
new insights into the complex nature of axonal injury mechanisms. In particular, our work
shows that microtubule disruption, neurofilament compaction, and Ca%*-activated
proteolytic cleavage are, in most cases, independent events that separately contribute to
axonal degeneration.

Axonal injury in our model

We produced axonal injury by delivering high-pressure air blasts to the mouse dorsum and
restricting the blast to ~3 segments of the vertebral column (~T8-10), by shielding all but
that part of the mouse’s dorsum. Stabilizing the mouse within a narrow holder with its
outstretched paws and tail taped to a cushioned platform limited the amount of mouse
movement, but there was some dorsiflexion nonetheless. The mouse’s dorsiflexion occurred
rapidly, reflecting the ~30 ms total duration of the 70-psi blast wave, and stretched axons in
the white matter tracts by an estimated 30% over the length of the spinal cord. This ~30%
increase in axonal length is well above the amount of elongation used in stretch models of
axonal injury, although the rates of elongation are similar (Gennarelli et al., 1989; lwata et
al., 2004). Mice subjected to 20-psi blasts, while still showing dorsiflexion and ~15%
increase in axonal length, however, exhibited minimal axonal injury. For example, after 20-
psi blasts, an average of 14 axonal bulbs was present in the dCST at 2 days (compared to
706 axonal bulbs for 70-psi blasts). This small amount of axonal injury stands in contrast to
results for unmyelinated axons in tissue culture studies where as little as a 5% increase in
length results in deleterious increases in internal Ca2* levels (Yuen et al., 2009; see also
Iwata et al., 2004; Tang-Schomer et al., 2010, 2012). The higher resistance to injury in our
experiments, as well as in other in vivo studies, is likely to be due to several factors: 1)
myelinated axons (which constitute the vast majority of axons detected in tissue sections
with light microscopy) are generally less susceptible to injury than unmyelinated axons
(Reeves et al., 2005; Staal and Vickers, 2011), at least in part because their sodium channels
(which dysfunction after stretch, leading to a cascade of events that includes excess Ca2*
entry; lwata et al., 2004) are restricted to nodes of Ranvier rather than being widespread; 2)
axons in the intact adult nervous system are wider, longer, and more mature than those
examined in the tissue culture experiments, and thus would have greater tensile strength and
a higher Ca2* buffering capacity; and 3) the overall in vivo environment (for example, the
presence of glial cells, particularly astrocytes) also contributes to maintaining homeostasis.
More axonal injury than we observed also occurs following optic nerve stretch. For
example, stretching the optic nerve by 20% (slightly more than our 20-psi blasts) is
associated with a high incidence of axonal bulb formation (Saatman et al., 2003; see also
Gennarelli et al., 1989; Maxwell and Graham, 1997). In this case, the surgery required to
expose the optic nerve may produce hypoxia and/or inflammation, both of which can
exacerbate axonal injury (Hellewell et al., 2010; Ziebell and Morganti-Kossmann, 2010).

The 50-fold higher abundance of axonal bulbs in the dCST produced by 70-psi blasts as
compared to 20-psi blasts, but less than 2-fold difference in axonal elongation, suggests that
biomechanical forces other than rapid stretch are primarily responsible for the differences in
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axonal injury. Indeed, the total energy delivered by 70-psi blasts was nearly 5-fold greater
than that by 20-psi blasts. It is uncertain how much of the initial blast energy was absorbed
by the overlying skin, muscle, and vertebral column, or was transformed into kinetic energy
by the mouse’s dorsiflexion and foam’s compression, and so we do not know how much
energy remained. Regardless of its amplitude, however, the residual blast energy would be
transmitted as a wave through the spinal cord, producing compressive, tensile, and shear
forces (Taylor and Ford, 2009). The forces for 70-psi blasts undoubtedly exceeded those for
20-psi blasts and thereby caused more axonal damage. It is also important to note that the
duration of the forces experienced by the mice in our model is similar to that of forces
sustained during traumatic incidents such as sports injuries, motor vehicle accidents, and
falls (Guley et al., submitted for publication; Namjoshi et al., 2013; Wright et al., 2013).

The 70-psi blasts produced signs of axonal injury within 3 h, the earliest time we examined.
The extent of axonal injury increased over time, with the abundance of injured axons
reaching an apparent peak at 2 days after blast. This time course is similar to that described
with optic nerve stretch (Saatman et al., 2003; Serbest et al., 2007) and pig rotational
acceleration (Chen et al., 1999), but slower than that for the Marmarou model of impact
acceleration TBI, which can produce a more severe injury (as evidenced by many animals
needing respiratory support). Nonetheless, similar to impact acceleration TBI, we observed
three distinct signs of axonal damage: microtubule disruption, spectrin degradation, and
neurofilament compaction. In contrast to previous studies, however, our results suggest that
these three manifestations of axonal injury are initiated largely independently of one another
and lack any consistent relationship with axon caliber. Our findings for each type of axonal
injury are described below.

Microtubule disruption—Axonal transport is impaired when microtubules break, with
organelles (e.g. mitochondria and vesicles, i.e. ‘cargo”) accumulating proximal to the site of
microtubule disruption, causing axons to swell. Microtubule breakage is typically
demonstrated by immunostaining for BAPP, which is visualizable at sites where it
accumulates, but is normally not sufficiently abundant to be detected. Proteins such as
tubulin, tau, and heavy neurofilament subunits (Tang-Schomer et al., 2012) also accumulate
at these sites, but are not used as frequently as BAPP to demonstrate microtubule breakage.
We found a few BAPP+ axonal bulbs in the lateral and ventral white matter rostral to the
level of blast within 3 h of blast and more at 1-2 days, but swollen axons were much more
abundant with l11-tubulin immunostaining. In contrast, for the dCST, BAPP
immunostaining rarely, and Bl1I-tubulin immunostaining never revealed axonal bulbs, yet
use of YFP reporter mice indicated the presence of hundreds of swollen axonal bulbs. Thus,
BAPP immunostaining consistently underrepresented the true extent of microtubule
breakage in our experiments. Such ‘under-reporting” may also pertain to other studies of
traumatic injury and, given that BAPP immunostaining is routinely used and considered the
‘gold standard’ for detecting axonal injury (Smith et al., 2013), represents a significant
problem for evaluating its extent.

Spectrin degradation in the lateral and ventral white matter—Axons subjected to
mild—moderate traumatic injury also exhibit immediate sodium channel dysfunction, which
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initiates a feed-forward process whereby intracellular Ca2* levels rise for at least 1 h (Iwata
et al., 2004). High internal Ca2*, in turn, activates enzymes such as calpain, leading to
proteolysis of cellular components such as spectrin (Ma, 2013). In our studies, axonal
profiles that stained brightly for the spectrin breakdown product SBDP150, indicative of p-
calpain activation (which requires only 3-50 pM Ca?* for half-maximal activity), were
present in the lateral and ventral white matter by 3 h and more abundant and intensely
labeled by 6 h after blast. Spectrin’s location immediately below the axolemma would make
it highly susceptible to events subsequent to an influx of calcium and thus, SBDP150
labeling may reveal the initial sites of axolemmal dysfunction. Many of the SBDP150+
axonal profiles we observed during the first day after blast were not obviously swollen,
suggesting that y-calpain had been activated without concurrent microtubule breakage.

SBDP150+ axonal profiles in the lateral and ventral white matter were rarely double-labeled
(<10%) with RMO14 at either 6 h or 1 day after blast, suggesting that p-calpain is also
activated without concurrent neurofilament compaction. Although nearly 80% of SBDP+
axonal profiles were RMO14+ by 2 days, the early pathology we observed differs from that
produced by moderate impact acceleration, where injured axons exhibit extensive SBDP150
and RMO14 double-labeling within 15 min (Buki et al., 1999, 2000). The latter findings
have led to the inference that RMO14 labeling is a consequence of p-calpain proteolysis of
neurofilament sidearms (Buki and Povlishock, 2006). This interpretation is, however,
inconsistent with biochemical data showing that RMO14 binds and p-calpain cleaves NF-M
at unrelated sites. Specifically, RMO14 recognizes an epitope within the rod domain (Hall
and Lee, 1995), which constitutes the backbone of NF-M. In contrast, p-calpain cleaves
between lys 516 and ala 517 in NF-M’s sidearm domain (Shaw et al., 2004), which
determines the spacing between adjacent neurofilaments. Moreover, after impact
acceleration TBI, neurofilament sidearms are roughly half their normal length (Okonkwo et
al., 1998), which is longer than would be expected from calpain proteolysis. Thus, calpain-
mediated proteolysis of neurofilament sidearms may not invariably be the basis of
neurofilament compaction and RMO14 binding (Yuan et al., 2012).

Neurofilament compaction in the lateral and ventral white matter—The most
common form of axonal injury we observed in the lateral and ventral white matter after blast
was neurofilament compaction. A few RMO14+ profiles were present as early as 3 h and
increased in abundance over the next 2 days. During that entire time period, RMO14+
axonal profiles rarely showed immunolabeling for BAPP. With the more sensitive approach
of using TuJ1 immunolabeling to detect swollen axonal bulbs, the incidence of RMO14
labeling, although higher (25.5% of all TuJ1+ bulbs, as compared to 10.9% of all BAPP +
bulbs), still constituted a minority of the axonal bulbs we detected at 1 day. The observation
that microtubule disruption and neurofilament compaction usually occur in different axons
after blast SCI is consistent with results using the impact acceleration model of TBI
(Marmarou et al., 2005; Stone et al., 2001), providing further support for the view that the
two events are usually unrelated. Interestingly, by 2 days after blast, the proportion of
swollen TuJ1+ axonal bulbs that were also RMO14+ had increased considerably (to 46.3%)
and many seemed shrunken (Fig. 6). This sequence of events suggests that, with time,
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axonal swelling progresses to neurofilament pathology, as the accumulated cargo that
initially caused the bulbs to swell, becomes degraded.

From 3 h to 2 days after blast, most RMO14+ axonal profiles had a vacuolated appearance
and, in accord with this morphology, many RMO14+ axonal profiles stained for the
autophagosome marker, LC3b. Autophagosome activity and LC3b immunolabeling are also
known to increase within a few hours after optic nerve crush, as axons begin to degenerate
(Knoferle et al., 2010). While LC3b immunolabeling is rarely used in studies of TBI, EM
has shown damaged axons containing both large vacuoles and compacted neurofilaments
(Pettus and Povlishock, 1996; Stone et al., 2001). Thus, the neurofilament pathology
detected with RMO14 immunolabeling may be associated with autophagy. Further, although
large vacuolated RMO14+/LC3b+ axonal profiles were common at 1-2 days after blast,
smaller RMO14+/L.C3b-negative axonal profiles were more abundant at 3 days. The latter
are likely to correspond to the fragmenting distal portions of degenerating axons, some of
which remained for up to 5 weeks post-blast. The lingering presence of small RMO14+
profiles is consistent with the stability of neurofilament proteins as compared to other
cytoskeletal elements, and suggests that other mechanisms, such as phagocytosis by
microglia, may be required for their ultimate removal.

Axonal injury in the CST—In contrast to the three types of axonal injury exhibited by
axons in lateral and ventral white matter (microtubule disruption, spectrin degradation, and
neurofilament compaction), the predominant form of pathology for axons in the dCST was
microtubule disruption. For example, at 1-2 days after blast, many YFP+ axonal bulbs were
present, indicating microtubule disruption, but fewer than 1% immunostained for the
spectrin degradation marker SBDP150 or with the neurofilament compaction marker
RMO14. This finding, together with the results described above for the lateral and ventral
white matter, supports the view that microtubule breakage can occur without either
neurofilament compaction or the increase in intracellular Ca2* that is brought about by
axolemmal dysfunction.

Interestingly, the percentage of YFP+ dCST bulbs with SBDP150 immunolabeling was
higher earlier (3.3% at 3 h; 17.9% at 6 h) and later (3.6% at 3 days), than it was at 2 days
(~0.5%), consistent with results from other injuries where calpain activation has been shown
to be biphasic (Kampfl et al., 1996; Saatman et al., 2003; Serbest et al., 2007). By contrast,
YFP+ dCST bulbs did not exhibit notable RMO14 immunolabeling at any time post-blast.
However, some RMO14+ axonal profiles lacking YFP fluorescence were present in the
dCST, typically at or below the level of blast, and may have corresponded to the distal
portions of disconnected axons, whose YFP fluorescence had been quenched by the acidic
autophagosomal environment (Castillo et al., 2013; Wang et al., 2011).

At 3 days after blast, YFP+ axonal bulbs were still present in the dCST, but were fewer in
number and generally smaller than those seen at 2 days. About 10% were immunolabeled
with RMO14 and nearly 4% with SBDP150 at this time, in contrast to 1-2 days, when <1%
of the YFP+ axonal bulbs exhibited signs of neurofilament compaction or spectrin
degradation. The presence of RMO14 and SBDP150 immunolabeling in some YFP+ axonal
bulbs at 3 days after blast suggests that dCST axonal bulbs undergo proteolysis, as discussed
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above for bulbs in the lateral and ventral white matter, albeit more gradually. This
proteolysis would also degrade the cargo that had accumulated above the level of
microtubule disruption. More caudally (i.e. below mid-thoracic levels) and at later times (i.e,
from 3-7 days after blast), many small YFP fragments were present in the dCST, indicative
of progressive Wallerian degeneration of the distal portions of damaged axons.

A striking finding was that axonal bulbs in the dCST were typically grouped in 3 or 4
clusters at discrete rostral-caudal positions, located approximately a segment apart between
T4/T5 and T8/T9. We think this clustering is related to the presence of the denticulate
ligaments. Denticulate ligaments are located between successive spinal nerves and extend
from the lateral margin of the pia mater to the dura mater, thereby stabilizing the spinal cord
within the subarachnoid space. During blast SCI, they may serve to localize the
biomechanical forces exerted on the spinal cord, which otherwise would be uniformly
distributed, to discrete sites where microtubule breakage occurs. While this may result in the
segmental clustering of axonal bulbs in the dCST, why axonal bulbs were not similarly
clustered in the lateral and ventral white matter is unclear.

Relationship of axon caliber and biomechanical forces to axonopathology

Most axons demonstrated a single type of pathology during the first 24 h after blast:
microtubule disruption (evidenced by axonal swelling), neurofilament compaction
(evidenced by RMO14 immunolabeling), or calpain activation (evidenced by SBDP150
immunolabeling, most likely resulting from aberrant Ca2* influx). This suggests that these
cellular perturbations are initiated independently in different axons.

Our findings for RMO14 and SBDP150 run counter to the observation that axons typically
label for both markers in studies on rats examined 15 min to 3 h after TBI induced by
moderate impact acceleration (Buki et al., 1999, 2000). It is likely that responses to different
types and magnitudes of injury follow different time courses, with moderate impact
acceleration TBI probably being more severe than our blast injury and its sequelae
transpiring more quickly. In contrast, our findings for microtubule disruption and
neurofilament compaction confirm observations that individual axons rarely label for both
BAPP and RMO14 during the first 24 h after moderate impact acceleration TBI (Marmarou
et al., 2005; Stone et al., 2001). The independence of microtubule disruption and
neurofilament compaction raises the question of why axons vary in their responses to injury.
Marmarou et al. (2005) proposed that differences in neurofilament and microtubule
composition between axons of different calibers play a role, noting that small caliber axons
have a higher density of microtubules and large caliber axons a higher density of
neurofilaments. Based on the high frequency of RMO14 immunolabeling in the wide axons
(>7 pm) of the rat medial lemniscus and the high frequency of BAPP immunolabeling in the
narrow axons (<2 pm) of the pyramidal tract, they suggested that wider axons, with their
higher neurofilament content, are more likely to show RMO14 immunolabeling after injury.

Another possibility is that different biomechanical forces elicit different axonal responses.
For example, tensile elongation (i.e. stretch) is typically associated with microtubule
breakage (in the optic nerve —e.g. Gennarelli et al., 1989; Maxwell and Graham, 1997;
Saatman et al., 2003; and in tissue culture — e.g. Tang-Schomer et al., 2010, 2012). For
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impact acceleration TBI, where BAPP+ axonal bulbs are more predominant compared to
RMO14+ axons in the pyramidal tract than in the corpus callosum, Kallakuri et al. (2012)
suggested that the longitudinally-running pyramidal tract axons primarily experience tensile
elongation during the impact, whereas the transversely-running callosal axons primarily
experience compression. Similarly, a higher level of tensile stress in the dorsal spinal cord in
our experiments may explain why dCST axons predominantly exhibited microtubule
breakage. In contrast, a higher level of compressive forces ventrally may explain why
RMO14+ axonal profiles were more abundant in ventral than in dorsal white matter,
especially if the spinal cord presses against the ventral surface of the vertebral column
during the blast. There may even be contact with the sides of the vertebral column, if the
compressed cord becomes significantly flattened; this may compress the lateral white matter
where RMO14+ axonal profiles were also abundant. Interestingly, for a wide variety of
spinal cord injury models (i.e. compression, dislocation, distraction, and hyperextension —
Choo et al., 2007, 2008; Clarke et al., 2008; Lam et al., 2014; Li and Dai, 2009; Russell et
al., 2012; Seifert et al., 2011), axonal injury has been shown to be most predominant in the
ventral white matter. Such injury is not, however, necessarily limited to neurofilament
compaction. These investigators focused on microtubule disruption, increased axolemmal
permeability, and/or demyelination as the specific manifestations of axon damage, but did
not assess neurofilament compaction. We also observed microtubule disruption and calpain
activation in the ventral and lateral white matter, although each to a lesser extent than
neurofilament compaction.

Several groups of investigators have developed finite element models of the spinal cord
(Lam et al., 2014, Li and Dai, 2009; Maikos et al., 2008; Russell et al., 2012; Sparrey et al.,
2009) to evaluate biomechanical forces during spinal injuries. Interestingly, these models
generally predict significant damage to the ventral white matter, even without necessarily
positing compression of the spinal cord against the inner surface of the vertebral column.
Finite element models are limited, however, by the extent to which they consider detailed
aspects of spinal cord structure and temporal changes in biomechanical forces during the
particular traumatic event. For example, given that shearing forces are strongest at interfaces
between tissues with different mechanical properties (Chen et al., 1999; McKee et al., 2009;
Taylor and Ford, 2009; Taylor et al., 2014; Wright et al., 2013), the pia mater and ventral
fissure should be included in finite element models, yet they rarely are. Indeed, we found
RMO14+ axonal profiles were especially abundant in the ventral white matter immediately
adjacent to the pia and along the ventral fissure (e. g. Figs. 3E-F). Additional features, such
as the denticulate ligaments, which we postulate were responsible for axonal bulbs being
clustered at discrete segmental levels of the dCST, will similarly be important to consider as
more detailed finite element models are developed.

Our understanding of how the tensile, compressive, and shear forces associated with
traumatic injuries affect the axolemma and cytoskeleton is currently incomplete (e.g.
Geddes-Klein et al., 2006; LaPlaca and Prado, 2010; Meaney and Smith, 2011; Wright et al.,
2013). Differences in volume/surface area ratio and cytoskeletal composition, together with
molecular differences, undoubtedly contribute to the varying responses of neighboring axons
to seemingly identical biomechanical forces. Yet even within the small area of the dCST,
with its fairly uniform population of axons, injury was variable, with some axons showing
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microtubule disruption and other axons seemingly unperturbed. A greater understanding of
why some axons are vulnerable to injury, while other axons are resistant, is crucial for
finding ways to improve axonal survival after trauma.

Functional deficits, recovery and long-term implications

After blast SCI, mice were able to walk upon waking from anesthesia, in marked contrast to
the hindlimb paralysis exhibited by mice after mid-thoracic spinal cord contusion or
transection (e.g. Basso et al., 2006). The mice, however, were impaired on several motor
tests. At 1 day, performance of the blasted mice on both rotarod and horizontal beam was
poorer than their sham-blasted littermates. This most likely resulted from the lost function of
injured descending axons whose distal portions had already become disconnected and would
later degenerate. In addition, some intact axons may have shown dysregulated ionic fluxes
and conduction block (e,g, James et al., 2011), thereby contributing to motor impairment at
1 day after blast, but regained normal function by the time of the 6 day post-blast testing
session. Low rump height on the horizontal beam is largely due to postural and balance
deficits. As such, it probably resulted from damage to the reticulospinal and/or
vestibulospinal tracts, both located in the ventrolateral white matter (Watson and Harrison,
2012), where injured axons were highly abundant. Poor performance on rotarod may
similarly have been due to postural and balance deficits caused by damage to the same two
descending tracts. Damage to propriospinal circuitry and/or sensory input from the limbs
may have also contributed to the poor rotarod performance.

The mice exhibited clear signs of recovery on both rotarod and horizontal beam by 2 weeks
and reached performance levels similar to their sham-blasted littermates by 4 weeks.
Interestingly, mice (and rats) subjected to more severe spinal cord injuries (e.g. hemisection
and contusion) than our blast SCI show recovery of motor function over a generally similar
time course, albeit to a lesser extent. Given the minimal regenerative ability of CNS axons,
gradual motor recovery has been associated with compensatory mechanisms, most notably
axonal sprouting (e.g. Bareyre et al., 2004, 2005; Fouad et al., 2001; Li et al., 2005; Weidner
et al., 2001), and the incorporation of propriospinal neurons into new circuitry (e.g. Bareyre
et al., 2004; Filli et al., 2014).

Gait analysis revealed small changes in several temporal parameters, for example, a
decrease in the duration of forelimb swing. Decreased forelimb swing duration has
previously been shown to accompany contusive injuries at thoracic levels, but surprisingly
not unilateral or dorsal hemisection (Hamers et al., 2006; Hendriks et al, 2006; Redondo-
Castro et al., 2013). Interlimb coordination was also diminished after blast SCI, as evidenced
by an increase in diagonal phase dispersion. Similar, albeit greater, decreases in interlimb
coordination have been reported after both unilateral hemisection and contusive injuries (Jin
et al., 2014; Krizsan-Agbas et al., 2014; Redondo-Castro et al., 2013), and attributed to
damage to the propriospinal tracts linking fore-limb and hindlimb central pattern generators
(Jin et al., 2014).

Interestingly, there was no clear relationship between individual mouse performance on the
different motor assessments — rotarod, horizontal beam, and treadmill. Moreover, in
contrast to the improvement over time on rotarod and horizontal beam, the number of mice
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that could maintain their position on the treadmill gradually declined over the 4-week long
testing period. This decline was not obviously associated with any specific change in gait
per se and did not appear to reflect generally poor health (as might be evidenced by weight
loss). One possibility is that axonal degeneration continued at a low level for weeks after the
initial insult, probably due to persistent inflammatory responses, as has been reported for
longer periods of times (months, and even years) in animal models as well as in human
victims of TBI (Glushakova et al., 2014; Goldstein et al., 2012; Johnson et al., 2012).

The neuronal basis of the gradually worsening treadmill performance is uncertain. Damage
to the reticulospinal and/or vestibulospinal tracts, implicated in the rotarod and horizontal
beam deficits, would not explain why treadmill performance worsened with time whereas
rotarod and horizontal beam performance improved. Damage to propriospinal tracts and/or
to sensory input from the limbs may have contributed to the initial increase in diagonal
phase dispersion, but interlimb coordination did not continue to worsen, and so this was not
obviously related to inability of the mice to maintain their position on the treadmill.
Although damage to axons in the raphespinal tract (located ventrolaterally) and rubrospinal
tract (located dorsolaterally) was also likely, these tracts function in locomotion fine-tuning
and skilled locomotor functions, respectively (Hendriks et al, 2006; Koopmans et al., 2012;
Schucht et al., 2002). Similarly, the dCST, the one specific descending pathway we
examined histologically, primarily mediates fine motor control (Courtine et al., 2007;
Hamers et al., 2006). Moreover, although many dCST axons were visibly damaged at 1-3
days and showed an overall loss at 1 week, PKCy immunolabeling suggested a return to near
normal abundance by 4 weeks after blast, presumably due to sprouting (Bareyre et al., 2004;
Fouad et al., 2001). Sprouting of dCST axons may contribute to the recovery of some motor
functions (Bareyre et al., 2004), but treadmill performance would not be included among
these and, even so, it gradually worsened with time.

Interestingly, ‘spinal cord concussion’ has been reported in the human population. It is most
common at the two least stable spinal regions, cervical levels and the thoracolumbar
junction (Zwimpfer and Bernstein, 1990). Although individuals with spinal stenosis may be
more prone to spinal cord concussion, spinal defects are not a necessary precondition (Cantu
and Cantu, 2005; Torg et al., 1997; Zwimpfer and Bernstein, 1990). Spinal cord concussion
presents as tingling, numbing, and/or some loss of motor and sensory function in the arms
and legs, and is thought to be due to an alteration in ionic fluxes starting immediately after
an injury (Cantu and Cantu, 2005; Zwimpfer and Bernstein, 1990). Cervical spinal cord
concussion often accompanies whiplash injuries in car accidents, for example, and also
occurs in young male athletes following a blow to the head or a fall. Given that most
individuals recover within a day, spinal cord concussion is likely to go unreported,
especially when it is not accompanied by bony injury and/or brain concussion. Individual
case studies further suggest that a forceful impact, not simply hyperextension, may be
required, consistent with our data showing that axonal injury is abundant only with very
high blast pressures.
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Conclusions

We have found extensive axonal injury ensues within the white matter tracts of the spinal
cord after a high-pressure air blast is delivered to the animal’s back. Forceful impacts may
similarly affect the spinal cord in the human population during motor vehicle accidents,
falls, sports activities, and proximity to explosive blasts. For the first 1-2 days following
such traumatic events, before axonal degeneration becomes prominent, at least some
damaged axons should be capable of repair. Accordingly, this time period would be the most
critical for developing appropriate therapies to enhance repair. In this regard, many of the
features and mechanisms underlying the axonopathologies we describe here are likely to
also apply to mild TBI. Thus, studies of treatments that mitigate axon injury in our model
may also help in reducing axonal loss after brain trauma. In addition, our observation that
some functional deficits gradually worsen with time, presumably due to continuing axonal
degeneration, indicates that there may be a longer time window for treating slowly
degenerating axons that may yield benefit and should be explored.

It should also be noted that since spinal cord injury primarily damages descending axons,
neurons in the brain are also affected by spinal cord injury (Wu et al., 2014). Thus, the
health of the brain would also be put at risk any time the spinal cord is injured. Similarly,
many brain injuries damage axons that descend to the spinal cord (Czeiter et al., 2008).

Importantly, our studies show that most axonal injury culminates in axonal degeneration, yet
motor function returns to near normal levels despite permanent axonal loss. These results,
together with those of Jin et al. (2014) for spinal cord and other investigators for TBI (e.g.
Longhi et al., 2005; Mouzon et al., 2012; Petraglia et al., 2014; Shitaka et al., 2001) caution
that, even for individual insults that are mild and without evident enduring effects, repeated
trauma is likely to have cumulative adverse consequences.
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Fig. 1.
Blast cannon model adapted for spinal cord injury. A, B) An anesthetized mouse, with its

back shaved, is taped in an outstretched position to a strip of foam attached to a stiff
platform made of posterboard. C) The mouse holder is a transparent PVVC pipe with a 2 cm
circular opening. After the mouse, taped to the platform, is slid into the mouse holder, the
T9 segment is centered within the circular opening. D) A plastic sheet, with a 3 mm wide x
5.5 mm long open slit, is centered over the circular opening using rubber bands (purple), in
order to restrict the blast to ~3 segments (T8-10) of the vertebral column. E) Top view of
the horizontally-mounted paintball gun used to deliver high-pressure air blasts. The mouse
holder is shown closely apposed to the gun barrel. F) A close-up view of E, now with a
mouse in the holder. Mouse nose is to the left; its dorsum faces the gun barrel.
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Fig. 2.
Blast pressure waves and video recordings. A) Pressure waves for two blast amplitudes: 70

psi (average of 4 blasts) used to create axonal injury and 20 psi (average of 2 blasts) used to
examine the contribution of dorsiflexion to axonal injury. B) Photograph of mouse in holder,
as in Fig. 1F, now oriented to approximate the view seen in the high-speed video recordings.
C) Still image, taken before blast, from the video recording of the mouse shown in panels
D1-10. The images are ‘noisier’ than that in B, because of the very short exposure times (<1
ms) of the video camera. Differences in camera angles and the positioning of the rubber
bands account for additional slight differences between B and C. The mouse dorsum is ~1
cm from the nozzle of the blast gun. D) Still images from a video recording of a mouse
subjected to a 70-psi blast, showing dorsiflexion of its torso. The times indicated start with
the first clear movement of the fur. Maximal deflection of 1.1 cm is seen in D3. Successive
images show that the site of maximum deflection changes as the pressure wave propagates
along the mouse’s body and that the mouse’s head and the caudal part of its body lift up, to
accommodate the bending of its torso. E) Still images from a video recording of a mouse
subjected to a 20-psi blast, showing a maximal deflection of 0.66 cm.
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Fig. 3.
Axonal injury at 2 days after blast. A-E) Horizontal sections immune stained for BAPP and

using the RMO14 antibody. Rostral is toward the left. Panel A shows nearly the entire
length of the lateral white matter on one side of a T6-9 strip of spinal cord. B-D are higher
magnification views of the areas marked by boxes in A. BAPP+ axonal profiles are most
numerous in the rostral third of the strip, whereas RMO14+ axonal profiles are found
through the entire length of the strip. Note the large PAPP+ terminal bulb in panel C, and the
linear arrays of RMO14+ profiles in panel D. There are no double-labeled axonal profiles. E
shows the ventral white matter from ~T8-10 of a different mouse. The only BAPP+/RMO+
profile in E is marked by an arrow. Asterisks mark blood vessels at the ventral fissure. F)
Transverse section from the same mouse as in A-D, at the T10 level, shows that RMO14+
profiles are extremely abundant in the lateral and ventral white matter. Optical density scale
is shown inverted, so that RMO14+ profiles appear black. The level of background
fluorescence has been increased so that the gray matter and section boundaries are visible, in
order to provide orientation. Scale bar in F = 200 pm for A, E and F; 67 pum for B-D.
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Fig. 4.
Axonal injury in the CST at 2 days after blast. A) Transverse section from a normal CST-

YFP mouse at ~T11 showing YFP+ axons in the main dorsal component of the CST
(dSCT), the minor dorsolateral component of the CST and scattered ventrally. The intensity
level of the background has been increased so that the gray matter and the section
boundaries are visible. B-E) Horizontal sections of the dCST at 2 days after blast. For all,
rostral is toward the left. The bulbous YFP+ axonal profiles in the dCST are indicative of
microtubule breakage. Note that the YFP+ bulbs vary in shape and size. The narrower
labeled profiles may indicate breakage of only some of the microtubules in those axons
and/or recent breakage. C shows immunolabeling for BAPP. Several YFP+/BAPP+ axonal
profiles are marked by arrows. D shows immunolabeling using the RMO14 antibody to
visualize neurofilament compaction. No YFP+ bulbs are also labeled with the RMO14
antibody. E is a low magnification view of an adjacent section from the same mouse in C
and D, showing that the YFP+ bulbs are clustered in two regions. C is from the T6-T7
cluster; D is from the T7-T8 cluster. Scale bar in F = 200 um for A and E; 67 um for B-D.
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Fig. 5.
Onset of axonal injury. A) By 3 h after blast, YFP+ bulbs have formed in the dCST, but are

much smaller and far less numerous than at 2 days after blast. B, C) By 6 h post-blast, YFP+
bulbs are more abundant and more obviously clustered than at 3 h. The YFP+ bulbs are also
larger than at 3 h, but still considerably smaller than at 2 days. (Note that the images in Fig.
5A-C are at twice the magnification of those in Fig. 4B-D.) In C, several YFP+ bulbs that
are also BAPP+ are marked by arrows. D) A few RMO14+ axonal profiles are present in the
lateral white matter at 6 h after blast. The scattered YFP+ axons belong to the dorsolateral
component of the CST. Scale bar in D = 100 pm for D; 67 um for A-C.
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2 days post-blast

Fig. 6.

M?crotubule breakage and neurofilament compaction in the lateral and ventral white matter.
A) Most BAPP+ axonal profiles appear swollen when viewed for TuJ1 immunofluorescence
(arrows). A few additional, obviously swollen TuJ1+ axonal profiles are present but do not
label for BAPP (arrowheads). B-E) The proportion of swollen TuJ1+ axonal profiles that are
also RMQO14+ (arrows) increases progressively with time after blast. Arrowheads indicate
swollen TuJ1+ axons/axonal bulbs that do not label with the RMO14 antibody. Asterisks in
B, C, and E mark several RMO14+ profiles that do not have a swollen appearance when
viewed for TuJ1 immunolabeling. F) TuJ1 immunolabeling, visualized with Alexa 647,
shows several axonal bulbs (arrows), two of which are situated in the midst of gaps in the
tissue (asterisks). G) The same field of view as F, now showing the background fluorescence
of the tissue in the green channel, captured using high laser power and gain and with the
contrast further enhanced in Adobe Photoshop. The same axonal bulbs immunostained with
TuJ1 in panel F are visible (arrows) and the empty spaces they occupy are obvious
(asterisks). Small arrows mark blood vessels at the midline. The intense green labeling
corresponds to a few YFP+ axons in the ventral component of the CST. Scale bar in G = 100
um for all panels.
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Fig. 7.
Spectrin proteolysis by calpain, visualized by SBDP150 immunolabeling. A) At 6 h after

blast, several YFP+ bulbs in the dCST are labeled for SBDP150 (arrows). Arrowhead marks
a SBDP150+ bulb that does not show obvious accumulation of YFP. B) Swollen TuJ1+
axonal profiles in the lateral white matter show intense SBDP150 immunolabeling along
their margins at 6 h post-blast (arrows). Note that the images in panels A and B are shown at
higher magnifications than those in panels C—F; accordingly, the swollen axonal profiles
indicated by arrows in panel B are similar in size to those marked by arrowheads in panels
E-F. C, D) At 1 day after blast, several axonal profiles label very intensely for SBDP150 but
appear otherwise normal (asterisks). TuJ1 immunolabeling in C confirms that they indeed
correspond to axons. In D, RMO14 immunolabeling of the same field of view shows that the
SBDP150+ axonal profiles are a separate population from those labeled with RMO14. A
few very large and numerous smaller RMO14+ axonal profiles can also be seen. E, F) At 2
days after blast, some SBDP150+ axonal profiles appear swollen (arrowheads) whereas
others appear vacuolated and also label with RMO14 (arrows). E shows single labeling
because the thin rim of SBDP150 underlying the axolemma is largely obscured by the
RMO14 immunolabeling in F. Also note for panels D and F that RMO14+ axonal profiles
are more abundant than SBDP150+ axonal profiles. Scale bar in F = 67 um for A and B, 100
pum for C—F.
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Fig. 8.
Autophagosomal activity in vacuolated RMO14+ axonal profiles. A-C) At 2 days after

blast, many RMO14+ axonal profiles are also LC3b+ (arrows in the higher magnification
views shown in panels B and C). Numerous RMO14+ axonal profiles that are not labeled for
LC3b are also present (arrowheads in B). In A, the adjacent gray matter is visible at the
bottom of the field of view. D-F) At 3 days after blast, vacuolated RMO14+/LC3b+ axonal
profiles (arrows in F) are still common, and some are especially large. Arrowheads in E
mark RMO-14+/LC3b-negative labeled profiles. Asterisks in A and D mark small RMO14+/
LC3b-negative profiles that, based on their small size and simple morphology, may
correspond to fragments of degenerating axons. Small arrows in D mark blood vessels at the
midline of this ventral strip of spinal cord. G-I) A long segment of a vacuolated axon
appears to be breaking up into separate fragments. Scale bar in G = 100 ym for A, D, and G;
50 ym for B, C, E, F, Hand I.
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Fig. 9.

Frggmentation of CST axons. A-C) At 3 days after blast, YFP+ axonal bulbs in the dCST
are less abundant and typically smaller than at 2 days. Some YFP+ axonal bulbs are labeled
for SBDP150 (arrows in B). Other YFP+ bulbs are RMO14+ (arrows in C). Panel A shows a
cluster of YFP+ axonal bulbs located at the T6-7 level; B and C show adjacent sections of a
cluster at the T5-6 level. These images are shown at the same magnification as those in Fig.
4B-E, allowing direct comparisons of YFP+ bulb sizes. D, E) At longer times after blast,
YFP+ axons in the dCST appear to be fragmenting. The region shown in D is near T5; the
region shown in E is near T7. RMOZ14+ profiles visible at 5 days post-blast (panel D) are
generally smaller than at earlier post-blast times (compare with panel C and Fig. 4E). Scale
bar in E = 100 pm for all panels.
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Fig. 10.
Degeneration of CST axons. A, B) Transverse sections of the spinal cord at the T13-L1 level

immunostained for PKCy to visualize the dCST. Within the spinal cord, PKCy expression is
restricted to dCST axons and to a subpopulation of lamina Il dorsal horn interneurons; the
latter provides a useful positive control for the immunostaining. A is from a sham mouse. B,
from one of its littermates at 7 days after blast, shows less intense immunostaining,
indicating the loss of dCST axons. The optical density scale has been inverted so that the
fluorescent staining appears black and background has been adjusted to make the gray
matter visible, to provide orientation. Scale bar = 100 um. C) Histograms showing the area
of PKCy immunostaining in the dCST above threshold, expressed as percentage of that for
sham mice. Average value for blasted mice at 7 days after blast is significantly less than that
of their sham littermates. Area of the dCST at 1 month post-blast is more than at 7 days
post-blast, but is still significantly less than that of the sham littermates. Brackets indicate
standard errors. *p < 0.05; **p < 0.005.
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Fig. 11.

Dgficits in motor behavior. A) Performance on rotarod, as measured by latency to fall, was
slightly poorer 1 day after blast than before blast whereas sham mice showed significant
improvement over this same time frame. B) Sham mice performed better on rotarod the day
after sham blast than they did before blast, but did not show consistent further improvement
over the next 4 weeks. In contrast, the performance of the blasted mice on rotarod was
similar to before blast for the first 2 weeks and then gradually improved. C) Rump-height as
a mouse traverses a narrow horizontal beam serves as a measure of its ability to support its
hindquarters. Blasted mice showed a small deficit at 1 day, and then improved gradually
over the rest of the 4-week long testing period. D) Diagonal phase dispersion for mice
walking on the Digigait treadmill at 30 cm/s was significantly greater at 2 days post-blast, as
compared to before blast. Sham mice showed no significant changes. The change in phase
dispersion from before blast to after blast was significantly different between the blasted
mice and their sham littermates. E, F) The number of mice subjected to blast injury that
were able to maintain their position on the treadmill at 2 different speeds, 30 cm/s (E) and
20 cm/s (F), decreased during the 4 week-long period after blast. Asterisks indicate
statistically significant differences. *p < 0.05; **p < 0.005; ***p < 0.0005; ****p <
0.0000005. The color of the asterisks (red or blue) indicates statistically significant
difference between specified post-blast testing session and before blast for blasted mice or
for sham mice, respectively. Black asterisks mark statistically significant differences
between blasted and sham mice at the indicated post-blast testing session. See Results for
additional detail. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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