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Rapid Repeat Exposure to Subthreshold Trauma Causes
Synergistic Axonal Damage and Functional Deficits
in the Visual Pathway in a Mouse Model
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Abstract

We examined the effect of repeat exposure to a non-damaging insult on central nervous system axons using the optic
projection as a model. The optic projection is attractive because its axons are spatially separated from the cell bodies, it is
easily accessible, it is composed of long axons, and its function can be measured. We performed closed-system ocular
neurotrauma in C57Bl/6 mice using bursts of 15 or 26-psi (pounds per square inch) overpressure air that caused no gross
damage. We quantified the visual evoked potential (VEP) and total and degenerative axons in the optic nerve. Repeat
exposure to a 15-psi air blast caused more axon damage and vision loss than a single exposure to a 26-psi air blast.
However, an increased VEP latency was detected in both groups. Exposure to three 15-psi air blasts separated by 0.5 sec
caused 15% axon degeneration at 2 weeks. In contrast, no axon degeneration above sham levels was detected when the
interinjury interval was increased to 10 min. Exposure to 15-psi air blasts once a day for 6 consecutive days caused 3%
axon degeneration. Therefore, repeat mild trauma within an interinjury interval of 1 min or less causes synergistic axon
damage, whereas mild trauma repeated at a longer interinjury interval causes additive, cumulative damage. The synergistic
damage may underlie the high incidence of traumatic brain injury and traumatic optic neuropathy in blast-injured service
members given that explosive blasts are multiple injury events that occur in a very short time span. This study also

supports the use of the VEP as a biomarker for traumatic optic neuropathy.
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Introduction

EACH YEAR IN THE UNITED STATES, approximately 1.1 million
civilians visit the emergency department because of a trau-
matic brain injury (TBI).' The U.S. military has confirmed 344,030
cases of TBI in active duty service members between the years
2000 and 2015.% The first report that rapid repeat TBI could cause
lasting neurodegeneration was a description of symptoms in boxers
in 1928.% Subsequently, neurological damage in boxers was con-
firmed by post-mortem histopathological analyses and was termed
dementia pugilistica (*; for review, see another work’). In the
military, blast-induced TBI is recognized as the characteristic in-
jury of modern warfare. Most injured service members have been
exposed to multiple explosive blasts during their time in service,
and this repeated exposure is likely to contribute to neurological
changes.*'® Importantly, a single explosive blast typically en-
compasses multiple traumatic events that occur in order of seconds
or less, including repeat blast exposure and blunt force trauma.'’
Explosive blast waves rebound against surfaces, increasing their

pressure up to 13-fold (FEMA426_Chapter 4). Thus, a single, large
explosive blast generates multiple blast waves in rapid succession.
In addition, the blast wind propels the individual onto a surface or
propels large objects onto the individual. Military service members
may also be exposed to antipersonnel land mines, which are con-
nected in series, resulting in rapid repeat exposure to blast waves.
Finally, ammunitions are also released in rapid succession and also
generate primary blast waves. Recent literature suggests that cu-
mulative concussions with longer interinjury intervals also causes
lasting neuronal damage.®'? This has been confirmed in animal
studies investigating damage to axons and behavioral outcomes
with inter-TBI intervals of a day or longer.”>* In these studies,
greater damage and behavioral deficits were detected in animal
models and greater pathologies were detected in patients. However,
in the military, the interinjury interval is much shorter than 1 day;
thus, the aim of this study is to investigate the effect of shorter
interinjury intervals on axons.

Considering that the neural visual system is exposed outside of
the skull because of the placement of the retina and optic nerve in
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the back of the eye, and that around 30% of the cortex is utilized for
visual processing, it is not surprising that there is a close association
between TBI and vision problems. Two studies on blast-injured
service members with TBI found that 65-68% also report vision
problems.>>2® Over 186,000 service members were diagnosed with
eye injuries in fixed U.S. Military facilities from 2000 to 2010.%” In
addition, 50,000 civilians per year experience permanent vision
loss as a result of trauma.”®** And, more specifically, the incidence
of indirect traumatic optic neuropathy in civilians increases from
0.5% in the general population to 2% in those with a TBL.>%3!
Injuries to the retina, optic nerve, and brain occur in boxers, ci-
vilians (as a result of a variety of mechanisms), and blast-exposed
military service members.*=>

The brain and neural retina are connected by the optic nerve,
which is composed of the axons of the retinal ganglion cells. The
axons of the optic projection are directly affected by trauma and are
also a good model for other long axons, which are thought to be
particularly susceptible to neurotrauma.’*~** Further, because the
optic projection is spatially separated from the rest of the central
nervous system (CNS), including the cell bodies of the retinal
ganglion cells, it is straightforward to isolate and analyze, making it
ideal for study. Therefore, in this study, we used eye-directed blast
exposure as our model of closed system CNS neurotrauma. We
previously reported that exposing an eye to a single 26-psi (pounds
pper square inch) burst of air caused molecular changes in the
neural retina 3 days after injury followed by mild axon degenera-
tion in the optic nerve and focal neuronal cell death at 1 month after
injury in the C57BI/6 mouse strain.*'** More recently, we have
shown that these same molecular events occur after repeat exposure
to a 15-psi blast.*’ In this study, we investigate the effect of in-
terinjury interval and total blast number on axon injury severity
using a subthreshold blast exposure.

Methods
Mice

Adult (2- to 3-month-old) male C57Bl/6 mice were purchased
from Jackson Laboratories (Bar Harbor, ME). All procedures were
performed in accord with Association for Assessment and Ac-
creditation of Laboratory Animal Care and the Association for
Research in Vision and Ophthalmology guidelines and the Van-
derbilt University Medical Center Institutional Animal Care and
Use Committee—approved protocol. Mice were perfused with
phosphate-buffered saline and 4% paraformaldehyde at collection
at 2 or 4 weeks after the last blast exposure.

Trauma model

Optic nerve injury was induced as previously described with the
following modifications.®> The system was modified to provide
electronic control of the air release in order to precisely define the
inter blast interval (Fig. 1). Briefly, mice were anesthetized with 4%
isofluorane and then maintained with 2.5% isofluorane while in the
housing chamber during the blast exposure. The left eye of the
mouse was positioned against a hole in the housing, which was
aligned with the barrel of the paintball marker. All experiments
were performed in the morning. Mice were exposed to blasts of
15 psi of air as described in each experiment and in Table 1. Mice
were provided gel recovery food (Clear H,O, Portland, ME) for the
first 3 days post-injury. Sham blast mice were anesthetized and
placed into the holder with the left eye positioned across from the
barrel. The air blast was blocked from reaching the eye by a shield
placed between the barrel and the eye. Therefore, mice were ex-
posed to the anesthesia and noise of the blast, but not the air wave.
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Visual evoked potentials

Before collection, mice were dark-adapted overnight, dilated
with tropicamide for 10 min, and anesthetized with 20 mg/kg of
ketamine/8 mg/kg of xylazine/8 mg/kg of urethane. Mice were
placed on the heated surface of the Celeris system (Diagnosys LLC,
Lowell, MA) to maintain normal body temperature. Celeris corneal
electrodes with integrated stimulators were placed on the lubricated
corneas, and subdermal platinum electrodes were placed in the
snout and back of the head at the location of the visual cortex. Mice
were exposed to 50 flashes of 1 Hz, 0.5 cd.s/m* of white light. All
mice that received visual evoked potentials (VEPs) were used for
histological analysis.

Optic nerve histology

After perfusion, the proximal segment of optic nerve was col-
lected, post-fixed in glutaraldehyde, and embedded in Resin 812
and Araldite 502 (catalog numbers 14900 and 10900, respectively;
Electron Microscopy Sciences, Hatfield, PA) according to previ-
ously published protocol.*'"***¢ One-micron-thick sections were
collected on a Leica EM-UC7 microtome (Leica Microsystems,
Wetzlar, Germany) and stained with 1% paraphenylenediamine
and 1% toluidine blue. Cross-sections were imaged on a Nikon
Eclipse Ni-E microscope (Nikon Instruments Inc., Melville, NY)
using a 100 x oil immersion objective. Total and degenerating ax-
ons were quantified in an average of seven nerves/group using
ImagelJ software (National Institutes of Health, Bethesda, MD).
A grid was used to count 20% of the optic nerve cross-sectional
surface area to avoid bias. In addition, tissues were assigned
numbers and the investigator performing the axon counts was
masked to the identity of the samples.

Statistical analysis

GraphPad Prism software (GraphPad Software Inc., La Jolla,
CA) was used to perform statistical analysis of all data. In all cases,
a one-way analysis of variance and Dunnett’s post-hoc test was
performed comparing blast-exposed groups to sham.

Results

Optic nerve degeneration and vision loss after single
and repeat overpressure air blasts

In sham mice, the optic nerves appear healthy with normal
morphology of the astrocytes and axons (Fig. 2A). The optic nerves
from mice exposed to a single 15- or 26-psi blast appear similar to
sham at 2 weeks after blast (Fig. 2B,C). In contrast, mice that were
exposed to 3 days of two 15-psi blasts given at a 0.5-sec interval
(i.e., repeat 15 psi) exhibited axon degeneration in the optic nerve at
2 weeks after injury (Fig. 2D). Quantification of these data shows
no statistically significant difference in the number of total or de-
generative axons in the optic nerves of single 15-psi or single 26-psi
blast-exposed animals at 2 weeks after exposure as compared to
shams (Fig. 2E,F). In contrast, repeat 15-psi blast exposure caused a
decrease in total axons (p <0.0001 as compared to sham; Fig. 2E).
At 2 weeks after repeat 15-psi blast, 32% of axons had a degen-
erative profile (p<0.0001 as compared to shams; Fig. 2F).

As we have shown previously, a single 26-psi blast to the eye of a
C57Bl/6 mouse causes minimal axon degeneration at 4 weeks after
injury (Fig. 2G).** In contrast, 4 weeks after exposure to the repeat
15-psi paradigm, there is a dearth of small axon profiles and glial
hypertrophy is evident (Fig. 2H). Quantification of these data shows
no statistically significant difference in the number of total or de-
generative axons in the optic nerves of single 26-psi blast-exposed
animals at 4 weeks after exposure as compared to shams (Fig. 2L,J).
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FIG. 1.
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Digital temporal control of interblast interval. (A) Adjustable pressure regulator is the same as the original system. (B) Electronic

bypass of paintball marker trigger to provide labview-mediated control of blast release and duration. (C) Tubing to provide low-level
isofluorane during the blast exposure, thus avoiding the need for injectable anesthetics. (D) Image showing the mouse eye in the hole of the
mouse housing, directly across from the machined barrel of the paintball marker. Color image is available online.

In contrast, repeat 15-psi blast-exposure caused a 50% decrease in
total axons (p <0.0001 as compared to sham; Fig. 2I). Surprisingly,
fewer degenerative axon profiles were detected in the repeat blast
group as compared to sham optic nerves at 4 weeks after blast
exposure (Fig. 2J).

The axons of the optic nerve connect to the visual pathways in
the brain, ultimately reaching the visual cortex. Therefore, to
quantify functional deficits, we measured the visual-evoked ac-
tivity at the visual cortex. The VEP is only elicited if all previous
neurons in the visual pathway respond to the light stimulus; starting
with the photoreceptors, through the retina, optic nerve, and optic
radiations, until finally reaching the visual cortex. The amplitude
represents the number of functioning axons in the visual pathway.
The latencies represent how well the surviving axons are func-
tioning. There was no statistically significant decrease in VEP N1
amplitude in the single blast group at 2 or 4 weeks after a 26-psi air
burst (Fig. 2K). VEP N1 latency was the same as sham at 2 weeks

TABLE 1. BLAST EXPOSURE GROUPS

Time between

No. of exposures (interinjury
Pressure (psi) exposures interval)
26 1 N/A
15 1 N/A
15 3 0.5 sec
15 3 1 min
15 3 10 min
15 3 2h
15 3 24h
15 6 24h
15 6 3x[2x0.5sec] at 24-h interval

psi, pounds per square inch; N/A, not applicable.

after a single 26-psi injury, but increased from 31.4+4.1 to
47.5+5.3 ms (standard deviation; SD) in the 4-week single 26-psi
blast-exposed animals (p <0.0001 as compared to shams; Fig. 2L).
Two weeks after the repeat 15-psi air blast exposure, VEP N1
amplitude was reduced from 39.4 mV £8.77 to 28.6 mV +11.9 with
p<0.001 as compared to sham (Fig. 2K). VEP N1 amplitude de-
creased to 23.8 mV 16.71 in the 4-week post-repeat 15-psi blast
mice (p=0.0001 as compared to shams). In the repeat 15-psi blast
mice, latency was increased by 48% and 59% at 2 and 4 weeks after
blast exposure, respectively, as compared to shams (p<0.0001;
Fig. 2L). The repeat blast shams had a latency of 33.5+3.7,
whereas the 2-week injured latency was 49.6+8.7, and 4-week
latency was 53.4+7.7 ms.

Effect of interinjury interval of less than 2 h
on axonal degeneration

We next sought to determine the role of the interinjury interval
on the increased axonal degeneration observed in the repeat 15-psi
blast group as compared to the single 26-psi blast group. To do this,
we held the total number of blast exposures constant at three 15-psi
bursts of air. We then tested the following interinjury intervals
between the three air blasts: 0.5 sec, 1 min, 10 min, or 2h (Table 1).
Optic nerves were assessed at 2 weeks post-blast (the peak of axon
degeneration in our repeat blast model; Fig. 2). The optic nerves
from the 0.5-sec interval group had many actively degenerative
profiles, in stark contrast from the sham controls (Fig. 3A,B).
The optic nerves from the 1- and 10-min interval groups
contained degenerative profiles, but less so than the 0.5-sec interval
group (Fig. 3C,D). The optic nerves from the 2-h interval group
were comparable to shams (data not shown). Quantification of total
axons showed an average of 48,905+5310 axons (£SD) in sham
optic nerves, 26,326+1089 in 0.5-sec interval optic nerves,
38,642+ 5656 in 1-min interval optic nerves, and 46,375+4183 in
10-min interval optic nerves (Fig. 3E). This corresponds to a 46%
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FIG. 2. Repeat 15-psi blast exposure causes greater and faster axon degeneration and vision loss than a single 15- or 26-psi blast. (A—
D) Representative brightfield micrographs of ipsilateral optic nerve cross-sections from sham (A), 2-week single 15-psi (B), 2-week
single 26-psi (C), and 2-week repeat 15-psi blast (D). (E) Quantification of total axons in each group at 2 weeks after blast.
(F) Quantification of degenerative axon profiles in each group at 2 weeks after blast. (G and H) Representative brightfield micrographs
of ipsilateral optic nerve cross-sections from mice 4 weeks after a single 26-psi blast (G) or a repeat 15-psi blast (H). (I) Quantification
of total axons at 4 weeks after blast. (J) Quantification of degenerative axon profiles at 4 weeks after blast. (K) Quantification of the
VEP N1 wave amplitude in each group. (L) Quantification of the VEP N1 wave latency in each group. psi, pounds per square inch; VEP,

visual evoked potential. Color image is available online.

decrease in the 0.5-sec interval group (p <0.0001 as compared to
shams). This is a 21% decrease in the 1-min interval group
(p<0.001 as compared to shams; Fig. 3E). There was no statisti-
cally significant difference in the total number of axons in the 10-
min interval group as compared to shams (Fig. 3E). The detection

of fewer axons at 2 weeks suggests that the blast exposure caused
immediate damage to the optic nerve and the damaged axons were
cleared by neighboring glia by the 2-week analysis time point.

In order to determine whether there was ongoing secondary axon
degeneration, we quantified degenerative profiles in the optic
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FIG. 3. [Interinjury interval of 1 min or less is associated with in-

creased axon degeneration. (A-D) Representative brightfield mi-
crographs of ipsilateral optic nerve cross-sections 2 weeks after sham
(A) or exposure to three 15-psi blasts separated by intervals of 0.5 sec
(B), 1 min (C), or 10 min (D). (E) Quantification of total optic nerve
axons at 2 weeks after blast exposure. Asterisks indicate degenerative
profiles. (F) Quantification of degenerative profiles in the optic
nerves at 2 weeks after blast exposure. psi, pounds per square inch.
Color image is available online.

nerves at 2 weeks after injury. We detected an average of 405 £ 89
degenerative profiles in sham optic nerves (Fig. 3F). This compared
to 3963 £214 in 0.5-sec interval optic nerves, 2591 +434 in 1-min
interval optic nerves, and 739 £ 175 degenerative profiles in 10-min
interval optic nerves (Fig. 3F). This corresponds to 15% ongoing
axon degeneration in the 0.5-sec interval group (p<0.0001 as
compared to sham). Notably, this is half of what we detect with our
repeat blast paradigm of two 15-psi blasts at 0.5-sec intervals re-
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peated for 3 days for a total of six exposures (32% ongoing axon
degeneration; Fig. 2F). There was 6.7% ongoing axon degeneration
in the 1-min interval group (p <0.0001 compared to sham). Finally,
we did detect a small increase in ongoing axon degeneration in the
10-min interval group (1.6%) that was statistically significant
(p<0.05). We also performed a group with an interblast interval of
2 h. There was no difference between the 2-h group and shams (data
not shown).

Effect of total number of air-blast exposures
on axonal degeneration

In order to determine the effect of the number of blast exposures
on the injury profile, we exposed mice to one, three, or six 15-psi
blasts all separated by 24 h to avoid an interblast interval effect
(Table 1). The optic nerves were collected at 2 weeks after blast
exposure. As also shown in Figure 2, representative micrographs
show that the sham and 1x 15 psi optic nerves look very similar
(Fig. 4A,B). A few degenerative axons could be detected in the
3 x 15 psi and 6 X 15 psi optic nerves (Fig. 4C,D). The total number
of axons was comparable between all groups (Fig. 4E). Quantifi-
cation of degenerative axon profiles was also similar between the
sham, 1 x 15 psi, and 3 X 15 psi optic nerves (Fig. 4F). There was a
4% increase in degenerative profiles in the 6X15psi group
(p<0.0001) as compared to shams (Fig. 4F).

Discussion

The visual system is particularly susceptible to injuries such as
those experienced by military service members and athletes,
making it an ideal model for studying axonal damage after single
and repeat mild neurotrauma.*’>° There are four major findings
from this study using a model of repeat subthreshold neurotrauma.
First, rapid repeat exposure to an overpressure air blast that is
subthreshold for injury causes synergistic axon damage. Second,
exposure to increasing numbers of blasts outside of the window of
synergistic damage causes cumulative, additive axon damage.
Third, there is a population of axons that appear to be susceptible to
indirect neurotrauma. Fourth, an increased VEP latency is a sen-
sitive marker of injury. Our study describes a useful model for
studying repeat mild neurotrauma and extends previous studies by
identifying a window of synergistic damage after an injury and a
potential biomarker for axonal injury.

This study extends the previous literature on repeat mild neu-
rotrauma by assessing effects of intervals less than 1 day. Our
results show a synergistic effect of subthreshold injuries on axonal
degeneration when the events occur at intervals of 0.5 sec or 1 min
of each other, but not when 10 min or longer apart. In this study, we
define synergistic as a multiplicative increase (rather than the ad-
ditive effect observed with a 10 min or longer interval). An expo-
sure to three 15-psi blasts at a 0.5-sec interval caused a 10-fold
increase in degenerative profiles as compared to sham and an 8-fold
increase as compared to a single 15-psi blast. An interval of 1 min
caused a 7-fold increase in degenerative profiles as compared to
sham and 5-fold increase as compared to a single 15-psi blast.
Again, this is in contrast to a 10-min interval, which caused only a
2-fold increase as compared to sham, and a 1.5-fold increase as
compared to a single blast exposure. This synergistic effect on axon
damage is particularly relevant to military service members ex-
posed to serial mines or an improvised explosive device, in which
they experience multiple traumatic events within seconds to 1 min
of each other. An improvised explosive device generates a primary
blast wave that peaks at just a few milliseconds after detonation and



AXONAL DEGENERATION FROM REPEAT TRAUMA

E 80000+
60000~ e
g I I L 1
= @
g 40000+
= 20000-
c L] L) L] L]
Sham 1x15psi 3x15psi 6x15psi
n=11 n=8 n=8 n=5

F  5000-
i
2 4000-
5
o
= 3000-
2
£ 2000-
é #
8 1000_ é [ ]
o [ — ———]
" Sham 1x15psi  3x15psi  6x15psi

FIG. 4. Total blast exposure number does not have a synergistic effect on axon degeneration. (A-D) Representative brightfield micrographs
of ipsilateral optic nerve cross-sections 2 weeks after sham (A) or exposure to one (1 X 15 psi; B), three (3 x 15 psi; C), or six (6 x 15 psi; D) 15-
psi blasts, with each blast separated by the other by 24 h. (E) Quantification of total optic nerve axons in each group. (F) Quantification of
degenerative profiles in optic nerves from each group. psi, pounds per square inch. Color image is available online.

rebounds as it reflects against surfaces while almost simultaneously
propelling fragments and, finally, the tertiary blast wind can dis-
place large objects or people against nearby hard surfaces.'' Thus, a
blast-exposure injury is often multiple traumatic events in one that
all occur within a time frame of seconds. TBI attributed to an
explosive blast is considered the signature injury of modern war-
fare, and damage to the visual system is a frequent comorbidity in
these individuals.?®'-2

The earliest molecular changes known to date after neurotrauma
include decreased phosphorylation and increased proteolysis of
neurofilament in axons 5min after controlled cortical impact in
mice, increased intracellular Ca** 1 min after optic nerve crush, and
increased reactive oxygen species.’>>* Neurofilament structure can
affect axon conduction velocity as well as ultimately lead to axonal
degeneration attributed to inappropriate localization and transport
of organelles.>® Increased intracellular Ca®* after optic nerve crush
is attributed to a mixture of entry from extracellular pools and
release from intracellular stores as a result of the reactive oxygen
species.>*>® Increased Ca®" is associated with changes in neurofi-
lament, as well as increased reactive oxygen species, which we
have detected in our model.*""** In particular, increased Ca*" ac-
tivates nitric oxide synthase, which leads to increased production of
peroxynitrite, resulting in formation of nitrotyrosine and damaged
proteins.’” We have detected increased nitrotyrosine in the inner
retina 3 days after blast exposure.*' Future studies should explore
changes in calcium flux and neurofilament at acute time points after
blast exposure. It is feasible that the time course of increase and
resolution of these molecular events contributes to the greater
susceptibility of axons to repeated injuries occurring within an
interval of 1 min or less.

In contrast to our findings with an interval of less than 1 min, the
extent of the axonal degeneration detected with a 1-day interinjury
interval suggests an additive, rather than synergistic, effect as de-
scribed below. A single 15-psi blast caused an increase of 133

degenerative profiles as compared to shams. The increase in de-
generative profiles between the 1x15psi and 3 x 15 psi groups is
277 degenerative profiles. Similarly, the increase between the
3x 15 psi and 6 x 15 psi groups is 279 degenerative profiles. If we
subtract 133 degenerative profiles from these values to account for
damage from the first blast, then each additional set of blasts causes
an increase in 144 (two additional blasts) or 146 (five additional
blasts) degenerative profiles. Thus, the effect of each additional
blast diminishes with time from the initial blast, but still accumu-
lates over time to result in cumulative effects. These data are
consistent with reports from animal models and clinical studies of
TBI showing increased damage with recurring trauma at 1-day
intervals, supporting the concept of a susceptibility window after
even a mild injury.'** This result demonstrates that even sub-
threshold injuries cause molecular changes and/or slight axonal
damage that, upon additional injuries, can accrue to the point of
inducing axonal damage at statistically significant levels (Fig. 5A).
Given that there was no difference in the number of degenerated
profiles between single blast and sham exposed optic nerves, sub-
sequent blasts spaced at 10 min or more would also be expected to
have no effect on axon degeneration if there was not some level of
cellular response each time (Fig. 5A). In our model of subthreshold
blasts, the amount of axon degeneration did not reach statistical
significance until animals were exposed to six blasts. In summary,
these data suggest that more-sensitive measures of injury are nee-
ded to detect neuronal dysfunction before outright degeneration
and to accurately assess the neuronal health of patients.

Our study provides additional insight into the axonal damage
caused by rapid repeat exposure that occurs in the time scale of
injuries during explosive blasts. Although this study does not cover
the bioenergetics of the orbit and optic nerve, the results suggest
that this should be an area of active investigation. Our detection of
increased axon degeneration when blasts occur at intervals
of 0.5sec or 1 min, but not at 10 min, suggests a biomechanical
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event(s) (C). Color image is available online.

mechanism perhaps working in concert with a molecular me-
chansim. We present a hypothesis that the optic nerve exhibits
viscoelastic properties, that is, its strain rate is time dependent
(Fig. 5B,C). A viscoelastic material that is exposed to a single
pressure event that results in non-damaging strain will recover its
original shape and dimensions if given sufficient time (Fig. 5B).
However, if repeated pressure events occur before full recovery, the
material can be permanently physically imprinted and thus unable
to recover its original shape and dimensions (Fig. 5C). The bio-
mechanical injury, if it occurs, could be at the level of: 1) the optic
nerve head with deformation affecting the axons; 2) the individual
axons as the blast wave stretches the axons as it propagates through
the optic nerve, this would likely also affect ion flux; or 3) the blood
vessels. This greater physical damage could cause a greater mo-
lecular response, which, in the case of the retina and optic nerve,
could result in increased axon degeneration at 2 weeks after the
inciting event. This could explain why some military service
members develop optic nerve atrophy and blindness over time after
repeated exposure to blasts from improvised explosive devices or
mines without any obvious direct injuries.***-8

In the repeat blast paradigm, the peak of secondary axon de-
generation occurred at 2 weeks after injury. This is in general
agreement with the timing of secondary optic nerve pallor and
vision loss in traumatic optic neuropathy patients.”® What is per-
haps more interesting is the lack of continued axon degeneration at
4 weeks after injury. This may suggest that there are axons in the
optic nerve that are susceptible to injury and others that are resis-
tant. In this case, the susceptible ones would degenerate and, in
response, neighboring glia would hypertrophy and phagocytose the
debris. Meanwhile, resistant axons would survive near the glial
scars. This does not suggest that the remaining axons are com-
pletely healthy. In fact, the increased VEP N1 latency and detection
of cumulative damage with longer injury intervals suggest other-
wise. It is unclear what would cause certain axons to be more
susceptible than others. We detect fewer small axon profiles after
injury; however, it is unclear whether it is attributed to degeneration
or swelling of the small axons. A recent study identified retinal
ganglion cell subtype differences in response to optic nerve crush.*
It is feasible that there is a similar subtype difference in response to
blast exposure, and that these differences in cell death also affect
axon degeneration. Future studies should determine whether there

is aregional response to blast in the optic nerve or whether the axon
degeneration is a retina-driven response attributed to susceptibility
of certain retinal ganglion cell subpopulations or retinal regions
damaged by the blast injury induced by our model.

We detected an increased VEP N1 latency in mice exposed to
even a single overpressure air blast. These mice did not exhibit a
decrease in the VEP N1 amplitude or an increase in degenerative
axon profiles. Two clinical studies have also detected an increased
VEP latency in TBI patients.®""*? In addition, the VEP has been
shown to be predictive of the development of traumatic optic
neuropathy in trauma patients.®*%* Approximately 10-22% of
these patients develop optic nerve degeneration and blindness
weeks after the traumatic event.”’ Unfortunately, there are no
clinical predictors of who will develop secondary axonal degen-
eration and who will not. Identification of a biomarker for these
patients would allow for earlier therapeutic intervention. Our data
support the use of VEP latency as a useful diagnostic for neuronal
susceptibility and/or injury. Calcium dysregulation, reactive oxy-
gen species, inflammation, and altered synaptic connectivity have
been reported in models of single and repeat neurotrauma and may
underlie the visual deficits we detected.”**!*6>

We previously reported that a single 26-psi air blast induces
oxidative stress and caspase-1 labeling in the retina within 3 days of
injury.*' More recently, we have detected activation of the in-
flammasome pathway in the retina after either a single 26-psi blast
exposure or repeat 15-psi blast exposure using the same repeat
paradigm as in this study.** In combination with the axon degen-
eration reported here, these results show that molecular events are
activated in cell bodies of neurons even in the absence of ongoing
axonal damage. Future studies should investigate whether molec-
ular events in the cell body underlie the increased susceptibility of
axons to repeat injury.
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