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Abstract

Acoustic blast overpressure (ABO) injury in military personnel and civilians is often accompanied by delayed visual deficits.
However, most animal model studies dealing with blast-induced visual defects have focused on short-term (<1 month)
changes. Here, we evaluated long-term (<8 months) retinal structure and function deficits in rats with ABO injury. Adult
male Long-Evans rats were subjected to ABO from a single blast (approximately 190 dB SPL, ~ 63 kPa, @80 psi), generated
by a shock tube device. Retinal function (electroretinography; ERG), visual function (optomotor response), retinal thickness
(spectral domain—optical coherence tomography; SD-OCT), and spatial cognition/exploratory motor behavior (Y-maze) were
measured at 2, 4, 6, and 8 months post-blast. Immunohistochemical analysis of glial fibrillary acidic protein (GFAP) in
retinal sections was performed at 8 months post-blast. Electroretinogram a- and b-waves, oscillatory potentials, and flicker
responses showed greater amplitudes with delayed implicit times in both eyes of blast-exposed animals, relative to controls.
Contrast sensitivity (CS) was reduced in both eyes of blast-exposed animals, whereas spatial frequency (SF) was decreased
only in ipsilateral eyes, relative to controls. Total retinal thickness was greater in both eyes of blast-exposed animals, relative
to controls, due to increased thickness of several retinal layers. Age, but not blast exposure, altered Y-maze outcomes. GFAP
was greatly increased in blast-exposed retinas. ABO exposure resulted in visual and retinal changes that persisted up to 8
months post-blast, mimicking some of the visual deficits observed in human blast-exposed patients, thereby making this a
useful model to study mechanisms of injury and potential treatments.
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Introduction

B LAST-INDUCED INJURIES with resultant brain trauma represent
the signature injury of the campaigns in Iraq and Afghanistan
(Operation Iraqi Freedom and Operation Enduring Freedom), with
hundreds of thousands of soldiers being affected.' These injuries
often include trauma to the eye and visual system. The mechanisms
that cause tissue damage and dysfunction following blast exposure
are not fully understood. There is no definititive way to diagnose,
prevent, or treat blast injury. Compounding the issue of diagnosis
is that many behavioral symptoms of blast injury, such as changes
in mood, sleep disturbances, and cognitive difficulties, are also
symptoms of post-traumatic stress disorder (PTSD), and the two
can be co-morbid.> To better diagnose patients with blast injury,
suitable metrics and biomarkers—which may include changes in
the retina and visual function—are desperately needed.

During a blast event, sonic shockwaves (acoustic blast over-
pressure, ABO) radiate from the origin of the explosion and can

cause injury to the brain, eyes, and multiple tissues and organ
systems (i.e., polytrauma). Visual function can be compromised
due to damage at any point along the visual pathway, from the
cornea to the visual cortex.*” In closed-globe injuries, where the
eye remains structurally intact and without obvious penetrating
injury, the damage may not be readily apparent and visual deficits
may be occult and go unrecognized, particularly if the patient ini-
tially presents with normal visual acuity.*® However, with time, the
damage becomes manifest and persistent. Such progressive and
chronic visual defects, including photosensitivity, accommodation
issues, reading difficulties, decreased contrast sensitivity (CS), and
visual field deficits,%'* occur in 52-68% of patients who have
experienced one blast exposure'®!" and 87.5% of patients with
more than one blast exposure.'® Additionally, patients with blast
injuries may not present with a visual complaint until weeks,
months, or even years after the injury.> The reasons for this remain
unknown. However, the majority of animal model studies on blast
injury to the eye typically are terminated by 4 weeks or earlier
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post-blast, at which time visual function changes are only just be-
ginning to appear.'?>™'® Thus, there is an urgent need to increase our
understanding of the mechanisms underlying the initiation and pro-
gression of the pathological sequelae post-blast to develop better
methods for detection and optimal treatment strategies.

To determine the longitudinal progression of visual dysfunction
after blast exposure, we used a relatively novel rat model of closed-
globe ABO injury to the eye, employing a modified shock tube
device originally developed by Newman and colleagues'” to study
blast injury to the auditory system. We characterized the changes in
visual function and retinal structure in both the ipsilateral (proximal
to the shock wave) and contralateral eyes, as well as changes in
cognitive function and exploratory behavior following ABO ex-
posure, in comparison with rats that had not been exposed to ABO.
We hypothesized that blast overpressure exposure would result in
structural and functional changes to the retina and visual system
that would worsen with time.

Methods
Animals and experimental design

Adult male Long-Evans (Blue Spruce, HsdBlu:LE; Envigo)
outbred rats were used in this study. At the time of blast, rats were
approximately 3.5 months of age (420-450 g). Non-blast-exposed,
age-matched male Long-Evans rats served as controls. Animals
were housed under normal 12:12 light:dark conditions (ambient
lighting, approximately 40 lux), with chow and water provided ad
libitum, and ambient room temperature (approximately 22-25°C).
All animal procedures were approved by the respective Institu-
tional Animal Care and Use Committees (IACUCsS) of both the VA
Western New York Healthcare System (VAWNYHS) and the
Atlanta VA Medical Center, and conformed to the Association for
Research in Vision and Ophthalmology’s (ARVO’s) Statement for
the Use of Animals in Ophthalmic and Visual Research and Guide
for the Care and Use of Laboratory Animals (National Research
Council of the National Academies, United States, 8th edition).

Blast injury was performed at the Buffalo VA Medical Center.
After one month of recovery, animals were shipped to the Atlanta
VA Medical Center for functional assessments, including electro-
retinography (ERG), optomotor response (OMR), spectral domain—
optical coherence tomography (SD-OCT), and Y-maze testing.
Unless otherwise specified, all functional outcomes measures
were performed at 2, 4, 6, and 8 months post-blast exposure. One
rat was excluded from the 8-month Y-maze test because it was too
large to move in the maze. Also, some OCT scans were deemed
unusable due to blurring of the images caused by breathing move-
ments; therefore, those data were excluded from the analysis. At the
termination of experimental procedures, animals were euthanized
either by decapitation or perfusion, depending on the specific ap-
plication; these procedures were conducted in accordance with the
recommendations of the Panel on Euthanasia of the American Ve-
terinary Medical Association (AVMA).

Acoustic blast overpressure (ABO) exposure

ABO exposure was performed under closed-globe conditions, using
a modified shock tube device (Fig. 1A,B) described in detail else-
where.!” Briefly, prior to blast exposure, rats were anesthetized (in-
tramuscular [IM] injection) with a mixture of ketamine (75 mg/kg) and
xylazine (15mg/kg), and topical anesthetic (proparacaine hydro-
choloride, 0.5% ophthalmic solution, Akorn, Inc.; 1-2 drops/eye) was
instilled into each eye. Rats were then exposed to a single acoustic
blast, with a sound pressure level of approximately 190 dB SPL (sound
pressure ~ 63 kilopascals [kPa]), using an 80-psi backpressure load of
compressed nitrogen in the shock tube. Pressure (80 psi) was measured
with a standard pressure gauge (similar to that used on compressed gas
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cylinder regulators) mounted on the shock tube body. Sound pressure
(db SPL) was measured using a pressure sensor (Model 137A23 ICP
Pressure Sensor; PCB Piezotroncis) placed at the outlet of the shock
tube. A brass foil diaphragm inserted near the mid-section of the shock
tube and held in place by O-rings (Fig. 1B) provided resistance to allow
buildup of nitrogen gas behind it, which was electronically controlled
by a computer (Fig. 1C). When the criterion pressure inside the shock
tube was achieved, a computer-controlled, solenoid-driven arrow in-
side the tube was thrust forward, rupturing the foil (see Fig. 1G) and
instantaneously releasing the backpressure, with resulting generation
of an acoustic shockwave from the shock tube outlet. During blast
exposure, rats were housed in a specially designed animal holding
chamber (fabricated from high-density plastic on a 3D printer) bolted
to the supporting table such that only the head was exposed (Fig. 1D).
The outlet end of the shock tube muzzle was positioned approximately
2.5 in from the head (Fig. 1E,F), and the blast was directed at the right
eye (OD) only, perpendicular to the body axis. The head was not
physically constrained; however, as shown in Figure 1F, a large pillow
was placed against the contralateral (left) side of the head, to reduce the
extent of impact and recoil.

Following blast exposure, topical antibiotic ointment (genta-
mycin sulfate, 0.3% ophthalmic ointment; Akorn, Inc.) was ad-
ministered to each eye to maintain corneal hydration, and animals
were returned to their cages in a recovery area; body temperature
was maintained by placing the cages on heating pads, and animals
were closely monitored for viability and signs of distress at regular
intervals thereafter. In initial experiments, animals were allowed to
recover naturally over the course of several hours. However, the
protocol was subsequently altered (with veterinarian guidance and
IACUC ap(groval), such that anesthesia was reversed by injection of
Antisedan™ (1 mg/kg, intraperitoneally [IP]; Pfizer Animal Health)
within 10 min following blast exposure. Blast-exposed animals
were given buprenorphine (0.05 mg/kg, subcutaneous [SC] injec-
tion) as an analgesic approximately 30—40min after Antisedan®
administration and again 24 h post-blast. (Note: Empirically, we
have found it extremely important not to administer buprenorphine
sooner than 30 min post-Antisedan® treatment, due to respiratory
suppression by buprenorphine, which can be lethal.)

Rats were allowed to recover for at least 24 h prior to any further
use. In the course of these studies, we encountered unanticipated
death of some animals: five rats died shortly after blast exposure or
were humanely euthanized following ruptured-globe injury to the
contralateral eye (concussive impact with the wall of the animal
housing chamber); one blast-exposed rat died over a month after
injury of unknown causes but before the start of any assessments;
and two blast-exposed and seven control rats died in the course of
functional testing due to failure to recover from anesthesia.

Electroretinography (ERG)

ERG was performed to measure retinal function, as previously
described.'® In brief, rats were dark-adapted overnight and then
anesthetized with a ketamine (60mg/kg)/xylazine (7.5mg/kg)
mixture (for rats >6-months old, rats requiring additional anesthesia
were given a ketamine-only booster). Corneas of the animals were
anesthetized topically with tetracaine (1%) and pupils dilated with
tropicamide (1%). Reference and ground-needle electrodes were
placed subcutaneously in each cheek and in the tail, respectively.
Retinal responses were measured directly using custom gold-loop
electrodes that were placed on the corneal surface of each eye under
a layer of methylcellulose. ERG stimuli consisted of five steps of
full-field flashes presented under scotopic conditions in a Ganzfeld
dome (-3.0 to 2.1 log cd sec/m?) using a commercial system
(UTAS Big Shot, LKC Technologies, Gaithersburg, MD). Re-
sponses were bandpass filtered (0.3—500 Hz) with a 250 msec re-
cording length. Retinal function was allowed to recover between
each step with interflash intervals increasing from 2 to 70 sec as
light intensity increased. Following the fifth step, rats were light
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FIG. 1.

Acoustic blast overpressure setup. (A,B) Shock tube assembly. (C) Compressed gas tank and controller unit, outside blast

chamber. (D-F) Placement of rat in holder and positioning prior to blast. (G) Brass foil diaphragm before (lower image) and after (upper
image) blast. (H) Pressure sensor assembly, end of shock tube, and animal holder.

adapted for 10 min (30 cd/m?) and then presented with a flickering
light stimulus (2.0 log cd sec/m? at 6 Hz). Amplitudes and implicit
times were measured for a-waves (baseline to trough), b-waves
(trough to peak), flicker b-waves (trough to peak), and oscillatory
potentials (OP). OPs were filtered oft-line using a 75-500 Hz filter
(EM for Win version 8.1.2, LKC Tecnologies). Reported OP am-
plitudes and implicit times are the averages of OP2 from the
brightest flash stimuli. Reported amplitude averages across time are
for the brightest flash stimuli.

Optomotor response (OMR)

Visual function of rats was tested using a virtual optokinetic
tracking system (OptoMotry®; Cerebral-Mechanics, Lethbridge,
AB, Canada) as previously described.'*° In brief, the rat is placed
on a platform in the middle of a virtual-reality chamber consisting
of four computer flatscreen monitors that display vertical sine wave
gratings rotating at a speed of 12 deg/sec. The rat is monitored in
real time with a video camera, and the experimenter monitors the
presence or absence of reflexive head movements (tracking) in
response to rotating gratings moving in a clockwise or counter-
clockwise direction. Spatial frequency (SF) and CS thresholds are
calculated automatically by the OptoMotry software using a stair-
case paradigm. For SF assessment, gratings began with a SF of
0.042 cyc/deg with 100% contrast, and the SF was adjusted while
contrast remained constant. For CS assessment, measurements
began at 100% contrast and were then decreased accordingly,
while SF was kept constant at 0.064 cy/deg, the peak of the CS
curve for the rats at baseline. The reported CS was calculated as a
reciprocal of the Michelson contrast from the screen’s luminance
(i.e., [maximum + minimum] / [maximum — minimum]), as pre-
viously described.?!

Spectral domain-optical coherence
tomography (SD-OCT)

A SD-OCT system (Bioptigen 4300, Lieca Microsystems, Buf-
falo Grove, IL) was used to evaluate the structural integrity of the
retina. Following anesthesia (as per above), corneal anesthesia
(tetracainel %), and pupil dilation (tropicamide 1%), the rat eye
was positioned in front of the SD-OCT system. A 3-mm radial scan

centered at the optic nerve was then taken for each eye and 1000 a-
scans per b-scan were imaged. A total of four b-scans consisting of
24 individual frames per scan were collected; only the superior to
inferior and nasal to temporal scans were analyzed.

B-scan images of all eyes were assessed manually by a trained
technician using a customized MATLAB program (Mathworks,
Matlab R2017a, Natick, MA). Markers were placed at the boundaries
of each layer, and the program computed the thickness (in microns)
of each retinal layer: retinal nerve fiber layer (RNFL), inner plexi-
form layer (IPL), inner nuclear layer (INL), outer plexiform layer
(OPL), outer nuclear layer (ONL), external limiting membrane
(ELM), inner segments/outer segments (IS/OS), and retinal pigment
epithelium (RPE). Total retinal thickness (TRT) was computed by
finding the difference between the inner point of the RNFL and the
outer point of the RPE. B-scan images were taken at four different
orientations within the eye: superior, inferior, nasal, and temporal.
Additionally, for each quadrant, thickness measurements were taken
at two different distances from the optic nerve head (ONH): 0.5 mm
and 1.2 mm. Because no statistical differences were found between
quadrant or distance away from the ONH, quadrants were averaged
and only the 0.5-mm measurements were analyzed.

Cognitive function testing (Y-maze)

Based on methods previously described by Maurice and col-
leagues,*” the Y-maze was used to evaluate cognitive function. Each
rat was placed in one arm of a Y-maze apparatus (San Diego In-
struments, San Diego, CA) and allowed to freely explore for a total of
8 min. During that time, the sequence and entries into each arm were
recorded. An alternation was measured as consecutive entries into
three different arms (i.e., ABC) on overlapping triads in which all
arms were present. The final spatial alternation score was a per-
centage calculated by taking the actual number of successful alter-
nations divided by the number of total possible alternations that could
have been achieved (total number of entries minus two). Percentage
of correct alternations and total number of entries were analyzed.

Immunohistochemisty

At the end-point of the experiment (8 months post-blast expo-
sure), rats were euthanatized (decapitation), and eyes (n=6-8 per
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condition) were enucleated and ‘‘fixed”” by immersion in
phosphate-buffered saline (PBS) 3.7% (w/v) formaldehyde (pre-
pared from paraformaldehyde; Electron Microsopy Sciences
[EMS]) overnight at 4°C, and then rinsed with chilled PBS 3 times.
Fixed eyes were cryoprotected overnight at 4°C by immersion in
30% (w/v) sucrose in PBS, and then embedded in TissueTek®
Optimal Cutting Temperature (OCT) Compound (EMS). Cryo-
sections (10-um thickness) were collected onto glass Gold Seal™
UltraFrost™ microscope slides (ThermoFisher Scientific), using a
Leica® Model CM3050S Cryostat (Leica Microsystems), taking
sections in a direction parallel to the vertical meridian and cutting
through or proximal to the ONH. Tissue cryosections were then
subjected to brief immersion in PBS containing 100 mM glycine (to
block free aldehyde groups), followed by two brief rinses in PBS.
To block non-specific binding of secondary antibodies, sections
were treated with non-immune (normal) goat serum (5% [v/v] in
PBS, supplemented with 0.025% [v/v] saponin [Sigma-Aldrich],
0.1% [w/v] bovine serum albumin [BSA; Sigma-Aldrich], and
0.5% [w/v] fish skin gelatin [Sigma-Aldrich]). Cryosections were
then briefly rinsed with PBS containing 0.1% Triton-X 100 (Sigma-
Aldrich), and exposed (overnight at 4°C in a humidified chamber)
to a rabbit polyclonal antibody raised against glial fibrillary acidic
protein (GFAP; Dako #Z0334; 1:1000, diluted in PBS supple-
mented with 0.1% [w/v] BSA). Negative controls employed either
no primary antibody, or non-immune immunoglobulin G (IgG;
10 pg/mL) from goat serum; neither showed any positive im-
munolabeling (data not shown). After one rinse with PBS, tissue
sections were incubated for 1h at room temperature with fluor-
conjugated secondary antibody (F(ab’),-goat anti-rabbit IgG [H+L],
conjugated with AlexaFluor® 647 [Invitrogen, #A21246; 1:250, di-
luted as for primary antibody]). Slides were rinsed with PBS,
counterstained by applying IFMDD mounting medium (EMS,
#17989-97/-98) containing ImmunoMount™ DAPI (4’,6-diamido-2-
phenylindole) and DABCO™ (1,4-diazobicyclo-(2,2,2)-octane),
coverslipped, and examined with a Leica TCS SPEIl DMI4000
scanning laser confocal fluorescence microscope, using a 635-nm
laser with a laser intensity of 20.9% and arbitrary gain set at 830 to
optimize the signal-to-noise ratio. Images were captured using a 40X
oil immersion objective (NA 1.15), and stored as TIFF files on a
Microsoft Windows®-based computer, then exported to Adobe
PhotoShop®.

Statistical analysis

Numerical values for outcomes measures are expressed as
mean * standard error of the mean (SEM). Measures of retinal
(ERG) and visual (OMR) function were analyzed using linear
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mixed models with a single between-subject factor (blast, control)
and the two within-subjects factors of time-point (2, 4, 6, and 8
months) and eye (right, left) as fixed effects. These analyses were
run with a similar structure to traditional repeated measures anal-
ysis of variance (ANOVA; compound symmetry error structure)
but made use of all available data to avoid bias. SD-OCT data had
an additional factor of quadrant, which was incorporated as an
additional random effect (source of dependence). Post hoc com-
parisons of specific time and group differences, as well as a linear
trend test were performed using linear combinations of the appro-
priate coefficients in the model. Weights and Y-maze results were
analyzed using a two-way repeated measures ANOVA followed by
a Holm-Sidak test for individual comparisons.

Results

Blast-exposed rats had greater ERG amplitudes
and delayed ERG implicit times

ERG waveforms from both eyes of blast-exposed rats had larger
amplitudes than those of control rats at all time-points examined.
Figure 2 shows representative responses for dark-adapted ERGs
(Fig. 2A), dark-adapted OPs (Fig. 2B), and light-adapted flicker
(Fig. 2C) from rats 8 months post-blast exposure in comparison with
controls. Blast-exposed rats showed greater a-wave amplitudes in both
the ipsilateral and contralateral eyes compared with controls (mixed
model analysis main effect of group, F[1,247]=27.87, p<0.001;
Fig. 3A), and greater b-wave amplitudes (mixed model analysis main
effect of group, F[1,249]=39.19, p <0.001; Fig. 3C). Implicit times for
a-waves of both eyes of blast-exposed animals were delayed across time
(mixed model analysis main effect of group, F[1,247]=9.71, p<0.001;
Fig. 3B). At 6 and 8 months post-blast, b-wave implicit times of both
eyes of blast-exposed animals showed delays (mixed model analysis
two-way [time x group] interaction F[3,279]=7.45, p<0.001; Fig. 3D).
OPs recorded in response to the brightest dark-adapted stimuli (2.1 log
cd sec/m?) showed a similar pattern of increased amplitudes and de-
layed implicit times. OP2 was greater in both eyes of blast-exposed
animals (mixed model analysis main effect of group F[1,247]=48.29,
p<0.001; Fig. 3E) and had delayed implicit times relative to controls
(mixed model analysis main effect of group F[1,247]=61.43, p<0.001;
Fig. 3F). All OPs showed the same changes in amplitudes and im-
plicit times as OP2, except OP1 of blast-exposed animals—which only
had greater amplitudes but not delayed implicit times relative to con-
trols (data not shown). Light adapted flicker b-wave amplitudes were
25% greater for both eyes of blast-exposed animals relative to
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FIG. 2. Representative ERG waveforms from control rats (blue traces) versus ipsilateral (ipsi) and contralateral (contra) eyes from
blast-exposed rats (red traces) at 8 months post-blast. Blast-exposed rats exhibit increased amplitudes and delayed implicit times in both
ipsilateral and contralateral eyes, compared with age-matched controls. (A) Dark-adapted ERGs; (B) dark-adapted oscillatory potentials;

(C) light-adapted flicker responses. ERG, electroretinography.
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FIG. 3. Quantification of ERG a-wave, b-wave, oscillatory potentials, and flicker response amplitudes and implicit times. Significant
increases in dark-adapted a-wave (A), dark-adapted b-wave (C), dark-adapted oscillatory potential (E), and light-adapted flicker (G)
amplitudes were observed in both ipsilateral (OD) and contralateral (OS) eyes of blast-exposed rats compared with non-blast-exposed
controls. Significant delays in dark-adapted a-wave (B), dark-adapted b-wave (D), dark-adapted oscillatory potential (F), and light-
adapted flicker implicit times (H) were observed in both eyes from blast-exposed rats compared with controls; ***p <0.001, **p <0.01.
Results expressed as mean+ SEM values. ERG, electroretinography; SEM, standard error of the mean.
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indicate comparisons of ipsilateral blast-exposed eyes (OD) with both the contralateral (OS) blast-exposed eyes and both eyes of control
rats; blue asterisks indicate comparisons of the contralateral (OS) blast-exposed eyes with both the ipsilateral (OD) blast-exposed eyes and

with both eyes of control rats. ***p <0.001. Results expressed as mean+ SEM values. SEM, standard error of the mean.

controls (mixed model analysis main effect of group, F[1,243]=19.72,
p<0.001; Fig. 3G). Flicker implicit times also were delayed for both
eyes of blast-exposed rats (mixed model analysis main effect of group,
F[1,243]=16.92, p <0.001; Fig. 3H).

Blast-exposed rats showed reduced spatial
frequency and contrast sensitivity

Both SF and CS thresholds were significantly reduced in blast-
exposed animals, compared with non-blast-exposed controls, be-
ginning at 2 months post-blast. SF was only reduced in the ipsi-
lateral blast-exposed eye (20% lower than both the contralateral
and control eyes, on average, across time; mixed model analysis
three-way interaction effect, F[4,257]=21.04, p<0.001; Fig. 4A).
CS outcomes appeared to show greater sensitivity to the blast ex-
posure, with both the ipsilateral and contralateral eyes having re-
duced CS relative to non-blast-exposed controls (mixed model
analysis three-way interaction effect, F[4,257]=21.10, p<0.001;
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Fig. 4B). By 8 months post-blast, CS for ipsilateral eyes was 50% of
control values and CS for contralateral eyes was 72% of control
values. In addition to the decrease seen in visual function due to
blast exposure, there was an aging effect: both SF (mixed model
analysis main effect of time, F[3,257]=2.94, p=0.034) and CS
(mixed model analysis main effect of time, F[3,257]=5.64,
p=0.001) scores declined over time for all groups.

Blast-exposed rat eyes exhibited increased
retinal thickness

Figure 5 shows representative SD-OCT retinal images from
control and blast-exposed rats at 4 months post-blast, whereas
Figure 6 displays the quantification of thickness measurements for
each retinal layer and the whole retina longitudinally. TRT of blast-
exposed animals was greater, relative to controls, across all time-points
(mixed model analysis main effect of group, F[1,691]=68.558,
p<0.001; Fig. 6A). This increase was a composite of changes in

FIG. 5. Representative SD-OCT images taken 4 months post-blast from (A) control and (B) blast-exposed rats. Lines delineating
retinal nerve fiber layer (RNFL) to easily visualize increased layer thickness of blast-exposed eye versus control. Total retinal thickness
(TRT) was measured from the top of the RNFL to the bottom of the RPE. ELM, external limiting membrane; INL, inner nuclear layer;
IPL, inner plexiform layer; IS/OS, inner segment/outer segment layer; ONL, outer nuclear layer; OPL, outer plexiform layer; RPE,
retinal pigment epithelium; SD-OCT, spectral domain—optical coherence tomography.
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FIG. 6. Quantification of SD-OCT measurements by quadrant and across time. Significant increase in total retinal thickness (A) of blast
versus control animals (eyes averaged per group) due to increases in individual layers of the retina, including: RNFL (B), OPL (C), ONL (D),
INL (E) and IS/OS (F). IS/OS showed significant changes in the contralateral eye of blast-exposed animals as well. Blue asterisks indicate
comparisons of ipsilateral blast-exposed eyes (OD) and contralateral (OS) blast-exposed eyes with both eyes of control rats; black asterisks
indicate comparisons of contralateral (OS) blast-exposed eyes with both the ipsilateral blast-exposed eyes (OD) and with both eyes of control
rats. ***¥p <(0.001. Results expressed as mean+ SEM values. INL, inner nuclear layer; IS/OS, inner segment/outer segment layer; ONL, outer
nuclear layer; OPL, outer plexiform layer; SD-OCT, spectral domain—optical coherence tomography; SEM, standard error of the mean.
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FIG. 7. Marked upregulation and persistence of anti-GFAP
immunoreactivity in ipsilateral blast-exposed retina (C,D), rela-
tive to non-blast-exposed control (A,B). Frozen tissue sections
were immunostained with anti-GFAP, followed by treatment with
AlexFluor® 647-conjugated secondary antibody (magenta), and
counterstained with DAPI (blue) to label nuclei. Laser confocal
fluorescence microscopy images were taken, with (A,C) and
without (B,D) the DAPI channel. A representative area of peri-
central retina for each condition is shown. Scale bar (panel D),
25 ym. ILM, inner limiting membrane; INL, inner nuclear layer;
IPL, inner plexiform layer; GCL, ganglion cell layer; GFAP, glial
fibrillary acidic protein; ONL, outer nuclear layer; OPL, outer
plexiform layer; RPE, retinal pigment epithelium.
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several retinal layers: RNFL (mixed model analysis main effect of
group, F[1,691]=19.175, p<0.001), OPL (mixed model analysis
main effect of group, F[1,691]=27.08, p<0.001], ONL (mixed
model analysis main effect of group, F[1,691]=6.44, p=0.012),
and INL (mixed model analysis main effect of group,
F[1,691]=12.52, p<0.001; Fig. 6B-E).Within the IS/OS, there
was also a difference between both the ipsilateral and contralat-
eral eyes of blast-exposed rats, relative to controls, across time
(mixed model analysis three-way interaction, F[4,691]=2.43,
p=0.002; Fig. 6F).

Blast-exposed rat eyes exhibited marked
upregulation of GFAP

Neuronal injury is often accompanied by gliotic changes, which
are typically detected by elevated expression of GFAP.>*** We
evaluated GFAP expression in the retinas of blast-exposed ver-
sus unexposed control eyes, 8 months post-blast, by immuno-
fluorescence histochemistry, probing tissues sections with anti-
GFAP antibodies and fluor-conjugated secondary antibodies.
Representative micrographs taken from the ipsilateral eye of a
blast-exposed animal and an non-blast-exposed control rat are
shown in Figure 7. Control retinas exhibited anti-GFAP immu-
noreactivity almost exclusively in the inner limiting membrane
(ILM) and ganglion cell layer (GCL; Fig. 7A,B), corresponding
to astrocytes and Miiller glia “‘endfeet.”” In striking contrast, retinas
from blast-exposed eyes (Fig. 7C,D) showed intense anti-GFAP
immunolabeling both in the ILM and GCL as well as in a radial
pattern that extended deep into the retinal layers, to the OPL and
even into the photoreceptor layer. Notably, this demonstrates a
strong, blast-induced gliotic response that persisted for up to 8
months after a single blast exposure. Despite this, under the con-
ditions employed, we observed no qualitative thinning of retinal
layers, including the inner and outer nuclear layers (INL and ONL,
respectively), consistent with the results obtained in vivo using
SD-OCT imaging (see above). Contralaterals eyes also exhibited
elevated GFAP immunoreactivity (not shown), but the label

B —&—Ctrl (n = 13-20)

—e—Blast (n = 15-16)

20 +

Number of entries

p <0.001
2 3 4 5 6 7 8 9

months post-blast

FIG. 8. Y-maze analysis of (A) cognitive function and (B) exploratory motor behavior of blast-exposed (red trace) versus control rats
(blue trace) as a function of post-blast time. Both groups exhibited comparable performance measures, and both groups also exhibited
performance decline (deficits) over time. Assessments were made at 3, 6, and 8 months post-blast. Cognitive function was measured by
spatial alternation on Y-maze; exploratory motor behavior was measured by number of entries on Y-maze. Results expressed as

mean® SEM values. SEM, standard error of the mean.
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tended to be more ‘‘patchy’’ in distribution and variable in in-
tensity, compared with the pattern in ipsilateral eyes.

Blast-exposed rats had normal cognitive
and exploratory motor behavior

Although there was a trend for decreased spatial alternation in
the blast-exposed group at 3 months post-blast, the difference was
not statistically significant. By 6 months and up until 8§ months,
blast-exposed and control animals showed similar spatial alterna-
tion scores (spatial cognition), as well as a similar number of entries
(exploratory motor behavior). However, spatial alternation de-
creased with age for both blast-exposed and control animals (two-
way repeated measures ANOVA main effect of time, F[2,94]=7.41,
p=0.001; Fig. 8A). Total number of entries also decreased with age
for both blast-exposed and control rats (two-way repeated measures
ANOVA main effect of time, F[2,95]=8.23, p<0.001; Fig. 8B).

Discussion

Long-term visual testing revealed a unique
blast-induced phenotype in the retina

Using a relatively novel animal model of ABO exposure, we
observed visual deficits persisting up to 8 months post-blast ex-
posure, coupled with a unique retinal phenotype. The combination
of thicker retinal layers, increased ERG amplitudes, and delays in
implicit times is very atypical of retinal diseases, whether heredi-
tary or environmentally induced. Retinal degenerations typically
involve decreased ERG amplitudes accompanied by progressive
and irreversible retinal thinning, the latter most often involving the
degeneration, death, and dropout of photoreceptors.” Indeed, it is
rare to find visual disorders that present with an increase in ERG
amplitudes, although such increases have been reported in Antl-
deficient mice,?® in a rabbit model of retinal degeneration,”’ and in
patients with early diabetic retinopathy,® in which reduced inhi-
bition from amacrine cells is proposed to increase rod bipolar cell
signaling.”® However, a trend toward larger ERG b-wave V.«
values has been observed in some patients with blast-induced in-
juries (S. Viswanathan, SUNY College of Optometry; personal
communication, July 2017), supporting the idea that this rat model
of ABO injury has clinical relevance for characterizing the mech-
anisms of ABO-induced retinal injury and developing therapeutic
interventions.

Previous research with animal models of primary blast injury has
provided valuable information about the development of post-blast
retinal pathology, including increases in activated caspase-3°!
and caspase-1'° in the retina and optic nerve, changes in retinal
thickness, 153233 and changes in retinal and visual function. 12-16,32-34
However, much of this research was performed over a relatively
short post-blast time-course, typically one month or less,>™'® and the
results have been somewhat inconsistent, with ERG amplitudes re-
ported to decrease,'® increase,'® or not change at all."*** What ap-
pears to be inconsistencies may actually be a differential retinal
response during acute and chronic phases after blast injury, with our
data representing the chronic phase.

Loss of inhibition may cause supranormal
ERG amplitudes

The increased ERG amplitudes we observed in the retina mirror
other supranormal increases in excitation observed in the brain after
blast injury.>>=" In the brain, changes in glutamate (the major ex-
citatory neurotransmitter) and gamma aminobutyric acid (GABA;
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the main inhibitory neurotransmitter) occur in waves after brain in-
jury. Acute changes include differences in GABA-A expression,
decreased glutamate transporter expression, and excess glutamate
release and excitotoxicity, whereas chronic changes include GABA
receptor dysfunction, GABA interneuron cell death, and a growing
imbalance between excitation and inhibition.*” These chronic changes
can occur months after injury. For example, 20.5% of patients with
moderate-to-severe traumatic brain injury (TBI) develop late-onset
post-traumatic seizures between 7 days and 5 years post-TBI,*®
which is thought to be due to a shift in the balance of excitation
and inihibition.*” In the amygdala and hippocampus, mild TBI
causes reduced inhibition due to loss of GABAergic interneurons,
leading to anxiety-like behavior’>and long-term potentiation
deficits,*® respecitively.

In the retina, GABA and its receptor agonists act to reduce various
components of the ERG amplitude, whereas applying GABA receptor
antagonists or genetically knocking out GABA receptors results in
supranormal ERG amplitude®** (although GABA-C receptor inhi-
bition or knockout is sometimes an exception).>® Thus, a lack of
GABAergic inhibition is capable of driving supranormal ampli-
tudes in various components of the ERG. In addition, spontaneous
firing of retinal ganglion cells increases after blast injury,** which
lends further support to the idea of an imbalance between excitatory
and inhibitory pathways that contribute to the overall response of
the retina to photic stimulation following ABO exposure.

Because GABAergic amacrine cells have medium-to-large
dendritic fields that branch delicately throughout all five inner
plexiform layer strata,**** these cells may become more fragile
when a blast overpressure wave sweeps through the retina (and
possibly also in different retinal disease models). In support of this
idea, most of the blast-induced caspase-1 labeling reported by
Bricker-Anthony and associates'> was observed in the cholinergic
amacrine cells of the retina. In the brain, axonal pathologies seen
after blast exposure are thought to be critical to the progression of
visual, cognitive, and motor deficits.*>*® Future experiments will
be aimed at investigating whether GAB Aergic interneurons in the
retina are more sensitive to axonal degeneration after blast, and
whether the death of these cells causes a decrease in inhibition that
underlies the observed increase in ERG amplitudes.

Blast exposure produces more pronounced deficits
in contrast sensitivity than in spatial frequency

Despite having increased ERG amplitudes, blast-exposed rats
exhibited deficits in visual function, as measured by OMR. In our
model, we presented an ABO insult to the right side of the head;
hence, the right eye (OD) was ipsilateral to the shock-wave front,
whereas the left eye (OS) was contralateral. Interestingly, although
changes in ERG and TRT measurements were observed in both the
ipsilateral as well as contralateral eyes of blast-exposed rats (relative
to non-blast-exposed controls), OMR analysis revealed the greatest
discrepancy between ipsilateral and contralateral eyes. For SF, only
ipsilateral eyes showed a deficit. For CS, deficits were more pro-
nounced in ipsilateral than in contralateral eyes. Several factors could
be underlying these differences. First, CS measurements may be
more sensitive than SF measurements. Second, differences in dis-
tribution of cell death and/or morphological changes may explain the
differences in blast and contralateral eyes. Contralateral eyes may be
less affected because the incident blast wave impacts the contralat-
eral eye with reduced intensity after traveling through and around the
ipsilateral eye and skull. Alternatively, the contralateral eye may be
damaged by blunt trauma from impact against the wall of the housing
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chamber.'* Third, in addition to interneurons, the optic nerve and
retinal ganglion cells are also particularly sensitive to blast injury and
mechanical shear stress,>>***7 and retinal ganglion cells play an
important role in CS.***° Our SD-OCT data showing increased
RNFL thickness in blast-exposed rats, relative to controls, supports
the idea of retinal ganglion cell involvement. Of note, CS deficits
have been shown to be more pronounced than visual acuity deficits
after blast injury in humans as well.® Future studies are needed to
determine precisely what mechanisms are driving changes to the
contralalateral eye after blast injury.

Persistence of gliotic response several months
after blast exposure

A remarkable and unexpected finding from this study was the
long-lived persistence of GFAP upregulation in blast-exposed reti-
nas, even 8 months after a single exposure to ABO. GFAP upregu-
lation is typically a signature that accompanies any insult to the
retina, including neuronal degeneration and cell death in retinal de-
generative diseases,”>>* hyperglycemia insult in diabetic retinopa-
thy,>>! and ischemic insult in ocular stroke.’* The persistence of a
gliotic response suggests that the local microenvironment of the
retina was perturbed by blast exposure, belying the apparent ‘‘nor-
malcy” of retinal layer thickness. The mechanisms that underlie this
persistence in GFAP upregulation are unclear at this time, and remain
to be elucidated. The fact that contralateral eyes also exhibited ele-
vated levels of GFAP demonstrates that those eyes were subjected to
trauma, and they cannot serve as ‘‘internal controls’” for the effects of
ABO exposure (hence, the need to use non-blast-exposed animals as
suitable controls). Although several other studies of blast-exposed
animals have documented upregulation of GFAP and gliosis in the
retina,'>"'* this is the first study to document such long-lived per-
sistence of these changes, particularly under conditions where no
overt signs of retinal degenerative changes are apparent.

What causes increased retinal thickness
in blast-exposed eyes?

Although there was a decrease in CS in blast-exposed animals
compared with controls, we did not find a concurrent thinning of the
RNFL; rather, increased RNFL thickness was observed by SD-
OCT analysis. Further, increased thickness measurements were
observed in other layers of the retina (both inner and outer layers),
which collectively contributed to an increase in the overall thick-
ness of the retina in blast-exposed eyes relative to controls.

Several studies have reported thinning of the retina in response

to blast injury®>>*; yet, other studies have also reported thicken-

ing.>>? ° The severity of the blast overpressure conditions employed
may contribute to these differences. We employed a sound pressure
level of approximately 190 dB SPL, which converts to a pressure
value of about 63 kPa with a backpressure load in the shock tube of
80 psi, to closely mimic mild blast-induced TBI conditions. We
chose these conditions to avoid globe rupture, retinal detachment,
retinal hemorrhage, traumatic cataract formation, optic nerve
shearing, or any other overt blast-induced tissue damage. Most
other studies have used >100 kPa,'*¢3!7 and some >300 kPa,*®*
which approximate moderate- or severe-grade blast-induced TBI
conditions, respectively. Also, differences in the distance between
the outlet of the shock tube and the head of the animal (point of
impact of the shockwave) have varied from one study to another.
Varying severities of injury, especially from low-level blast, have
been shown to result in different pathologies.®*®' With greater
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insults, more immediate cell death occurs, 6320203 [y addition, at
higher levels of blast overpressure, it is more difficult to control for
head movement and rotation, which also seems to be a key dif-
ferentiating factor in injury severity.®* Mild blast-induced TBI that
is below the threshold for immediate cell death, may trigger a
neuroinflammatory response to repair damaged tissue, which may
explain the persistent increased retinal thickness observed here.
Preliminary findings (S.J. Fliesler, unpublished) suggest that resi-
dent retinal microglia (Iba-1-positive cells) become activated and
migrate from the inner-most to the middle and outer retinal layers
following blast exposure, where they may release inflammatory
mediators (see also comments below).

Edema may also play a role in the observed blast-induced in-
crease in retinal thickness. Blood-retinal barrier (BRB) perme-
ability can be affected by blast-induced damage to retinal blood
vessels® and the RPE-choroid complex,'*'* causing fluid leakage
and swelling.%® Disruption of the RPE-choroid complex may ex-
plain the increased thickness we observed in the IS/OS layer of the
retina. (Note: We found no qualitative differences in retinal his-
tology at one week post-blast compared with non-blast-exposed
controls [unpublished results]. However, given that tissue proces-
sing for conventional paraffin or plastic embedment histology in-
volves serial dehydration of tissue specimens, we did not consider it
fruitful to pursue assessment of retinal layer thickness differences
by this means. Rather, the in vivo measurements afforded by SD-
OCT provide a more quantitatively accurate and physiologically
relevant assessment of tissue dimensions.)

The other specific layer where we saw a significant thickness
increase was the INL, which contains the Miiller cell bodies. Other
studies have noted greater changes in the INL*' and the Miiller
cells®" 937 with blast, in addition to other glial cells in the retina
and brain.®®® These findings are consistent with the concept that a
persistent inflammatory response is driving the blast-induced in-
creased thickness in the INL and throughout the retina, as observed
in this study.

Using the eye as a window to the brain in blast injury

Because retinal neurons are accessible for imaging and func-
tional testing in a way that other neural tissue is not, the retina can
be used to provide information about risk, onset, and progression of
pathogenesis in a variety of diseases, including stroke, diabetes,
Alzheimer’s, Parkinson’s, multiple sclerosis, schizophrenia, au-
tism, and seasonal affective disorder.’>”%~"% Historically, getting a
diagnosis of blast injury has been difficult, especially because
PTSD and blast injury can have many overlapping symptoms.>
Blast injury, like chronic traumatic encephalopathy,’” has charac-
teristic pathological hallmarks that can be confirmed in post-
mortem tissue.”® However, behavioral symptoms of anxiety, sleep
disorders, cognitive deficits, seizures, dizziness, and vision changes
are more difficult to accurately diagnose and attribute to a specific
mechanism.” These issues are compounded by the fact that many
people who are exposed to “mild’’ blast conditions or concussive
trauma often do not receive a full clinical evaluation® (often be-
cause they self-report that they have no obvious vision problems)
and that the effects of blast injury can appear either acutely or
chronically, or both.>%¥73846.7 Qur research suggests that a more
comprehensive retinal examination, including ERG, SD-OCT, and
visual function testing, can be of value in confirming a diagnosis of
blast injury, even months after the initiating event of blast exposure
has occurred, and in providing a better understanding of the course
of blast-induced dysfunction and its underlying mechanisms.
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Conclusion

Long-term changes characterized in a novel ABO model re-
vealed increased ERG amplitudes, delays in ERG implicit times,
deficits in CS and SF, and increased TRTs. Deficits persisted to 8
months (the longest time-point examined) and were consistent with
the types of visual system problems observed in patients who have
been exposed to ABO, which supports the validity of this model in
studying mechanisms of blast injury and potential treatments.
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