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PURPOSE. The purpose of this study was to examine the influence of genetic background
on the retinal ganglion cell (RGC) response to blast-mediated traumatic brain injury (TBI)
in Jackson Diversity Outbred (J:DO), C57BL/6J and BALB/cByJ mice.

METHODS.Mice were subject to one blast injury of 137 kPa. RGC structure was analyzed by
optical coherence tomography (OCT), function by the pattern electroretinogram (PERG),
and histologically using BRN3A antibody staining.

RESULTS. Comparison of the change in each group from baseline for OCT and PERG was
performed. There was a significant difference in the J:DO�OCT compared to C57BL/6J
mice (P = 0.004), but not compared to BALB/cByJ (P = 0.21). There was a signifi-
cant difference in the variance of the �OCT in J:DO compared to both C57BL/6J and
BALB/cByJ mice. The baseline PERG amplitude was 20.33 ± 9.32 μV, which decreased
an average of −4.14 ± 12.46 μV following TBI. Baseline RGC complex + RNFL thick-
ness was 70.92 ± 4.52 μm, which decreased an average of −1.43 ± 2.88 μm following
blast exposure. There was not a significant difference in the �PERG between J:DO and
C57BL/6J (P = 0.13), although the variances of the groups were significantly different.
Blast exposure in J:DO mice results in a density change of 558.6 ± 440.5 BRN3A-positive
RGCs/mm2 (mean ± SD).

CONCLUSIONS. The changes in retinal outcomes had greater variance in outbred mice than
what has been reported, and largely replicated herein, for inbred mice. These results
demonstrate that the RGC response to blast injury is highly dependent upon genetic
background.

Keywords: blast, vision, retinal ganglion cells, traumatic brain injury, neurotrauma,
pattern electroretinogram, genetic variation

T raumatic brain injury (TBI) is a significant public health
concern that accounts for over 2.8 million emergency

room visits per year in the United States.1 The leading causes
for TBI include falls, motor vehicle accidents, and being
struck by or against an object.1,2 One common cause of TBI
in military personnel is exposure to blast. A history of expo-
sure to blast injuries is common among veterans. Nearly
75% of combat-related injuries in recent military conflicts
were due to explosive devices3 and nearly 50% of such blast
injuries resulted in mild TBI.4

Damage from primary blast injuries results from an over-
pressure wave passing through tissues, with the central
nervous system being particularly prone to damage. Many
individuals who suffer from TBI also report symptoms of
visual dysfunction with retinal pathology, which can present
either acutely or chronically after the initial injury.5,6 One
recent analysis of diagnostic codes for visual field loss of
veterans with documented TBI calculated that the incidence
of visual dysfunction was approximately 8.6%.7 Although

TBI patients report a wide range of visual disturbances, little
is known about the molecular changes that initiate neuronal
dysfunction that cause defects in vision.

Regardless of the cause of TBI, many studies have shown
significant differences in outcomes between patients with
similar injuries. The variability in patient outcomes may be
due to the differences in medical care and therapy available
to each patient.8,9 However, growing evidence has suggested
that an individual’s response to and recovery from TBI is
closely linked to genetic predisposition.10–12 Indeed, multi-
ple genes have been identified that may influence func-
tion after TBI, including those related to apolipoprotein E,
brain-derived neurotrophic factor, the dopaminergic system,
the serotonergic system, and interleukins, among others.13

These genes have been shown to influence many psychiatric
parameters, including cognition, working memory, executive
dysfunction, aggression, inhibition, and impulsiveness9—
and suggest that there is not a singular molecular or anatom-
ical response to TBI.
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While studies of humans with blast injury have shown
differences among individuals, it is unknown whether this
is due to time after injury, differences in the type of injury,
or differences in genetic composition. Studies in preclini-
cal models of blast injury have shown differences in visual
responses between inbred strains,14 and have utilized differ-
ences in BXD inbred strains to monitor transcriptional
changes after blast exposure.15 However, analysis of visual
function has not yet been performed following blast injury
in outbred strains of mice to evaluate the interaction of
genetic composition and blast exposure. An outbred stock
of mice that was recently developed is the Jackson Diver-
sity Outbred (J:DO) mouse. J:DO mice have a high degree
of genetic heterogeneity. The J:DO stock was generated by
crosses between 144 early generation recombinant inbred
lines contributing to the Collaborative Cross,16 and thus
incorporates similar genetic variation, including variation
from all the major phylogenetic branches present in labora-
tory mice. The founder lines include wild-derived CAST/EiJ,
PWK/PhJ, and WSB/EiJ; and inbred C57BL/6J, 129S1/SvlmJ,
NOD/ShiLtJ, NZO/HiLtJ, and A/J. J:DO mice lack known
overt retinal degenerative mutations, such as rd1 or rd8,17,18

and have normal appearing retinas.19 J:DO have approxi-
mately 45 million segregating genetic variations and encom-
pass the majority of all existing genetic diversity in labo-
ratory strains of mice. J:DO mice have had multiple genera-
tions of opportunity for meiotic recombination,which makes
them useful for analysis of complex traits,20–24 such as the
response to blast.

The principal purpose of this study was to determine
if genetic composition influences the phenotypic RGC
response to blast-mediated TBI. Here we use the J:DOmouse
strain that has more genetic complexity than inbred mice
to evaluate the influence of genetic background on visual
responses to blast exposure.

METHODS

Animals

All animal studies were conducted in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research and were approved by the Iowa City Depart-
ment of Veterans Affairs Institutional Animal Care and Use
Committee. Male J:DO, C57BL/6J and BALB/cByJ mice were
purchased from The Jackson Laboratory and subjected to
blast injury at eight weeks of age. Data from C57BL/6J mice
used in this manuscript were reanalyzed and displayed in a
different manner from our previous studies.25 A total of 81
mice (male, eight weeks old at the time of blast exposure)
were used for the purpose of this study: n = 57 J:DO, n =
12 C57BL/6J, and n = 12 BALB/cByJ.

Blast Injury Induction

An enclosed blast chamber was used for these studies,
one half of which was pressurized, with a 13 cm diam-
eter opening between the chamber halves, as described
previously.25–33 A Mylar membrane (Mylar A, 0.00142 gauge;
Country Plastics, Ames, IA) was placed over the opening on
the pressurized side of the chamber. The unpressurized side
of the tank contained a padded polyvinyl chloride (PVC)
protective restraint for positioning of an anesthetized mouse
(see Mohan et al., 201326 for diagram). To create the blast
wave, air was pumped into the pressurized side of the tank

to 20 PSI. Using this model, a blast wave is produced with the
following characteristics after rupture of 20 PSI membranes:
140.92 ± 10.82 kPa peak pressure with a 7.0 ± 2.09 ms
positive phase duration. The pressure was measured using
a sensor of 1 cm in diameter placed directly below the head
of the mouse. Prior to blast wave induction, mice were anes-
thetized with a combination of ketamine (30 mg/kg body
weight, intraperitoneal, IP) and xylazine (5 mg/kg body
weight, IP) and positioned within the unpressurized half of
the blast chamber with the left side of the head oriented
toward the source of the blast wave. Only the head of the
mouse was exposed to the blast wave, with the rest of the
body shielded. The head of the mouse was unrestrained
during blast wave exposure but was prevented in coming
into contact with any hard surface by thick foam placed
directly behind the head. After blast exposure, mice were
placed on a heating pad to facilitate recovery from general
anesthesia and to prevent hypothermia. Xylazine anesthesia
was reversed with yohimbine chloride (1 mg/kg, IP). Mice
received analgesic via subcutaneous injection (0.1 mL/20 g
body weight) of buprenorphine (0.003 mg/mL) immediately
after recovery from the procedure. Mice were analyzed four
weeks following blast exposure, and tissue was collected.

Pattern Evoked Electroretinography

Pattern evoked electroretinography (PERG) was used to
objectively measure the function of RGCs by recording the
amplitude of the PERG waveform at baseline, and again
four weeks following blast exposure. Mice were anesthetized
with a combination of ketamine (30 mg/kg, IP), xylazine
(5 mg/kg, IP), and acepromazine (2 mg/kg, IP) and were
placed on a heated animal holder. Binocular PERG responses
were evoked using alternating, reversing, black and white
vertical stimuli delivered on an LED monitor (Jorvec, Miami,
FL), as described by Chou et al.34 A subdermal recording
electrode was placed under the skin on the nose of the
animal extending to the snout, equidistant from each eye,
as previously described.25,29–31,34–36 A reference needle elec-
trode was placed at the base of the head, and a ground
electrode was placed at the base of the tail to complete the
circuit. Each animal was placed at the same fixed position,
with the eyes positioned 10 cm from the stimulus monitor to
prevent recording variability due to animal placement. Stim-
uli (18° radius visual angle subtended on full field pattern,
1.5 cm high × 14 cm wide bars, two reversals per second,
372 averaged signals with cutoff filter frequencies of 1 to
30 Hz, 98% contrast, 80 cd/m2 average monitor illumina-
tion intensity using luminance matched pattern reversals to
exclude outer retinal contributions) were delivered under
mesopic conditions (8.5 lux room luminance) without dark
adaptation. A diffuser placed over the pattern on the monitor
did not elicit a measurable evoked potential, further ensur-
ing that the electrical responses were elicited from retinal
ganglion cells. The PERG response was evaluated by measur-
ing the amplitude (peak to trough) and implicit time of the
waveform, as previously described.35,37 Data preblast are
presented from both eyes. Data postblast are presented from
the left eye, which was directly exposed to blast injury. The
PERG was recorded in an identical manner pre- and post-
blast. Mice were examined with a hand-held slit lamp prior
to PERG analysis to ensure that no anterior segment damage
was present. The change in PERG response (�PERG) is the
difference in the PERG amplitude at four weeks postblast
injury compared to baseline responses in the same animal.



Interaction of Blast Injury and Genetics IOVS | June 2021 | Vol. 62 | No. 7 | Article 13 | 3

Only PERG recordings that resulted in a waveform consis-
tent with the PERG response were used for the purpose of
this study.

Spectral Domain Optical Coherence Tomography

Spectral domain optical coherence tomography (SD-OCT)
analysis was performed using a Spectralis SD-OCT (Heidel-
berg Engineering, Vista, CA) imaging system coupled with
a 25D lens for mouse ocular imaging35 (Heidelberg Engi-
neering, Vista, CA). Mice were anesthetized with a combi-
nation of ketamine (30 mg/kg, IP) and xylazine (5 mg/kg,
IP) and placed on a heating pad to maintain body temper-
ature. Pupils were dilated using a 1% tropicamide solution.
The cornea was moisturized with a saline solution. Volume
scans (49-line dense array, 15 A-scans per B-scan, 20° scan
angle, 20° × 25° scan area) positioned directly over the optic
nerve head were performed to quantify the retinal ganglion
cell complex + RNFL thickness (RNFL + GCL + IPL). One
single B-scan was analyzed by an individual masked to the
treatment of the mouse in the superior retina, approximately
150 μm from the peripapillary region. All scans were
analyzed by excluding blood vessels from the RGC complex
+ RNFL thickness calculation. The RGC complex + RNFL
thickness was analyzed at baseline, and then again four
weeks following blast exposure. The change in OCT thick-
ness (�OCT) was evaluated by determining the difference in
the RGC complex + RNFL thickness four weeks post blast
injury compared to baseline responses in the same animal.
Only OCT scans that had a clarity of at least 26, as measured
by Heidelberg Spectralis were used for the purpose of this
study.

Immunohistochemical-Based RGC Quantification

To calculate the change in RGC density in J:DO mice, the
right eye of each animal was enucleated prior to blast
injury (Supplementary Fig. S1) and processed as described
below. For surgical unilateral enucleation, mice were anes-
thetized with a combination of ketamine (100 mg/kg, IP) and
xylazine (10 mg/kg, IP). The surgical area was cleaned with
alcohol and chlorhexidine, and the right eye was enucleated.
Following enucleation, the right eye socket was cauterized,
and the lid sutured shut. Antibiotic ointment was applied
to the area. Immediately following enucleation, mice was
placed on a warming pad to maintain body temperature and
given buprenorphine for three days following enucleation
(0.1 mg/kg, subcutaneous) to prevent any pain.

Enucleation was necessary to calculate the RGC change
in density, as each J:DO mouse has a unique genetic consti-
tution23,38 and RGC number is genetic background depen-
dent.39 Thus, it was expected that the two eyes of an individ-
ual mouse would have a similar number of RGCs (because
they share the same genetic background) but differ between
animals (because outbred mice have differing genetic back-
grounds), making it necessary to consider RGC parameters
on a per mouse basis. Four weeks following blast expo-
sure, mice were euthanized, whole eyes were enucleated,
the posterior cups dissected and fixed for a total of four
hours in 4% paraformaldehyde. The immunohistochemical
labeling of BRN3A-positive cells was performed as previ-
ously described.40 Briefly, the posterior cups were incubated
in a 0.3% Triton-X100 solution in phosphate buffered saline
(PBST) overnight at 37°C, and retinas were dissected and
bleached in a 3% hydrogen peroxide solution in 1% sodium

phosphate buffer for three hours at room temperature. Reti-
nas were permeabilized for 15 minutes at –80°C in PBST,
blocked in a 2% normal donkey serum in PBST overnight,
immunohistochemically labeled using an anti-BRN3A anti-
body (1:200; sc-8429; Santa Cruz Biotechnology) in 2%
normal donkey serum, 1% Triton-X 100, and 1% DMSO at
4°C for two nights, followed by incubation with a secondary
antibody (1:200, Alexa Fluor 488 donkey anti-goat, Invitro-
gen) for four hours at room temperature, counterstained
with TO-PRO-3 Iodide (1:1000, Molecular Probes), trans-
ferred to glass microscopy slides, and flat-mounted using
ProLong Diamond Antifade Mountant (Fisher Scientific) and
cover-slipped. Flat-mounted retinas were imaged by confocal
microscopy (Zeiss LSM 710) at a total magnification of 400×.
For each retina, four confocal images were collected (1024 ×
1024 px, 0.18 mm2 image area) from nonoverlapping fields
in the central retina, with z-stacks of three to five images
collected for each image. Images were collected from the
central retina adjacent to the optic nerve head (for diagram
defining the central retina, see Fig. 1 in Hedberg-Buenz et.
al.40). Images of BRN3A-labeled nuclei were processed in
ImageJ, by first z-projecting at maximum intensity, followed
by the Subtract Background tool with rolling ball radius
set to 35 pixels, followed by the Smooth tool. Images were
then converted to binary using Huang thresholding. Binary
images were further processed using the Open,Watershed,
and Fill Holes functions. To count BRN3A-positive cells,
the Analyze Particles function was applied to the BRN3A
images with particle size set to 20 to 150 μm2 and circularity
0 to1. Only retinas that were isolated without dissection-
induced damage, such as large tears, and were fully intact
were used for the purpose of this study.

Statistical Analysis

Results are expressed as mean ± standard deviation. Analy-
sis was conducted by experimenters blinded to the treatment
condition of the sample or subject. The normality of groups
was validated using the D’Agostino-Pearson omnibus K2 test
for normality. Groups were tested using the paired t-test or
Student’s t-test for samples that had the same variance, and
the Welch’s t-test (unpaired t-test with Welch correction) to
compare samples that did not have the same variance. The
variance of two groups was compared using the F-test of
equality of variances. The significance level for P values
was adjusted for multiple comparisons using the Bonfer-
roni correction, which was calculated as (α/number of tests),
where α = 0.05. Correlation of baseline retinal pheno-
types was performed using Pearson’s Correlation Coefficient
(r). Statistical comparisons were performed using Graphpad
Prism (Ver. 8.2, Graphpad Software).

RESULTS

Baseline Retinal Phenotypes in JDO Mice

The baseline RGC complex + RNFL thickness in J:DO mice
was 70.92 ± 4.52 μm (OS, n = 57, Mean ± SD, coefficient
of variation (CV) = 6.4%) and 71.03 ± 5.05 μm (OD, n =
57, CV = 7.1% Fig. 1A, Supplementary Fig. S2). The range of
the RGC complex + RNFL thickness was 58.44 to 86.11 μm
(OS) and 59.89 to 93.67 μm (OD). There was not a significant
difference in the RGC complex + RNFL thickness between
the left and right eye (P = 0.75, paired t-test). There was
significant correlation between the RGC complex + RNFL
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FIGURE 1. The thickness of the RGC complex + RNFL does not vary between the eyes of the same animal in J:DO mice. The baseline RGC
complex + RNFL thickness in J:DO mice was 70.92 ± 4.52 μm (A, OS, n = 57, mean ± SD) and 71.03 ± 5.05 μm (OD, n = 57). There was
not a significant difference in the RGC complex + RNFL thickness between the left and right eye (P = 0.753, paired t-test). There was a
significant correlation between the RGC complex + RNFL thickness in the right and left eyes (B, r = 0.84, P < 0.0001).

FIGURE 2. The RGC function assessed by PERG does not vary between each eye of the same animal in J:DO mice. The baseline PERG
response in J:DO mice was 20.33 ± 9.32 μV (A, OS, n = 45) and 19.91 ± 9.09 μV (OD, n = 45). There was not a significant difference
between the right and left eye (P = 0.773, paired t-test). There was a significant correlation between the PERG response in the right and left
eye (Fig. 2 B, r = 0.449, P = 0.0020).

thickness in the right and left eyes (Fig. 1B, r = 0.84, P <

0.0001).
The RGC function was analyzed using the PERG. The

average baseline PERG response in J:DO mice was 20.33 ±
9.32 μV (OS, n = 45, CV = 45.8%) and 19.91 ± 9.09 μV (Fig.
2A, Supplementary Fig. S3, OD, n = 45, CV = 45.7%). There
was not a significant difference between the right and left
eye (P = 0.773, paired t-test). There was a significant corre-
lation between the PERG response in the right and left eye
(Fig. 2B, r = 0.449, P = 0.002). The baseline number of RGCs
in the right eye of J:DO mice was 2800 ± 241.6 RGCs/mm2

(CV = 8.6%), with a range of 2330 to 3259 RGCs/mm2

(Fig. 3).
We evaluated the relationship of each baseline parame-

ter from the right eye to one another. There was a significant
relationship between the baseline number of RGCs and the
baseline RGC complex + RNFL thickness (r = 0.481, P =
0.023). We did not identify a relationship between the base-
line RGC complex + RNFL thickness and the baseline PERG

response (r = 0.012, P = 0.936). We also did not identify a
relationship between the baseline PERG response and the
baseline number of RGCs (r = 0.247, P = 0.322).

Phenotypic Response to Blast Exposure in J:DO
Mice

For each parameter, the change in response from base-
line values in each J:DO mouse was calculated four weeks
following blast exposure. We observed an average change of
−1.43 ± 2.88 μm (CV = 201.3%) in the RGC complex + RNFL
four weeks following blast exposure, with a range of −9.77
to +14.11 μm (Fig. 4A, Supplementary Fig. S2). The base-
line RGC complex + RNFL thickness in the left eye (70.92
± 4.52 μm) was not significantly different than the postblast
RGC complex + RNFL thickness (70.58 ± 7.26 μm, P = 0.69,
paired t-test, CV = 10.2%). The average change in the PERG
response of −4.14 ± 12.46 μV (CV = 300.9) with a range
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FIGURE 3. The baseline density of RGCs in the right eye of J:DO
mice was 2800 ± 241.6 RGCs/mm2 (n = 22), with a range of 2330
to 3259 BRN3A+ RGCs/mm2.

of −37.57 to +15.79 μV four weeks following blast expo-
sure (Fig. 4B, Supplementary Fig. S3). The average PERG
response in J:DO mice following blast exposure (16.16 ±
7.69, CV = 47.58%) was not significantly different than the
average baseline PERG response (P = 0.07, paired t-test).

Additionally, there was a change in the density of BRN3A
positive cells following blast exposure. There was an average
loss of 558.6 ± 440.5 BRN3A positive cells/mm2 (CV = 78.8),
with a range of −1368 to +370 four weeks following blast
exposure (Fig. 4C, Supplementary Fig. S4). To validate the
reliability of BRN3A labeling to detect RGCs, both the left
and right eyes from C57BL/6J mice were labeled. We did
not detect a difference between densities of the left (3223
± 329.1 BRN3A-positive cells/mm2, CV = 10.2%) and right
(3298 ± 227.2 BRN3A positive cells/mm2, CV = 6.8) eyes
(P = 0.53, Paired t-test).

Phenotypic Response to Blast Exposure in Inbred
Mice

In vivo retinal outcomes were analyzed in inbred mice four
weeks postblast. C57BL/6J mice exposed to blast injury had
an average RGC complex + RNFL thickness of 66.92 ±
1.76 μm at baseline (Fig. 5A, CV = 2.63%). The RGC complex
+ RNFL was 63.77 ± 1.15 μm (CV = 1.80%) and had an
average change of −3.14 ± 1.09 μm (Fig. 5B, CV = 34.7%)
four weeks postblast (range: −4.53 to −1.75 μm). There was
a significant difference in the thickness at four weeks post-
blast compared to baseline values (P = 0.0003, paired t-test).
Five mice from the C57BL/6J cohort were lost to follow-up
due to technical difficulties with the instrument.

The baseline RGC complex + RNFL thickness for
BALB/cByJ mice was 57.31 ± 2.19 μm (Fig. 5C, CV = 3.8%).
The RGC complex + RNFL thickness four weeks following
blast exposure was 58.15 ± 1.99 μm (CV = 3.4%). The aver-
age change in thickness from baseline was 1.02 ± 2.41 μm
(CV = 236.2%) four weeks following blast exposure (Fig.
5D, range: −1.83 to +6.17 μm). There was not a signifi-
cant difference between RGC complex + RNFL thickness
between baseline and four weeks postblast (P = 0.1697,
paired t-test). Comparison of the �OCT in C57BL/6J and
BALB/cByJ mice showed a significantly greater decrease in
C57Bl/6J mice (P = 0.0005, Student’s t-test, Supplementary
Fig. S5A), but not a significant difference in the variances of
the groups (F = 4.91, df = 11, P = 0.06).

Analysis of the change in the PERG response in C57BL/6J
mice showed a change of −0.25 ± 3.87 μV (CV = 1548.0%)

FIGURE 4. Phenotypic responses of J:DO mice to blast exposure.
There was a change of −1.43 ± 2.88 μm in the RGC complex +
RNFL thickness four weeks following blast exposure compared to
baseline values, with a range of −9.77 to +14.11 μm (n = 55, A).
There was an average change in the PERG response of −4.14 ±
12.46 μV with a range of −37.57 to +15.79 μV four weeks following
blast exposure (n = 30, B). There was an average loss of 558.6 ±
440.5 BRN3A-positive cells/mm2, with a range of −1368 to +370
four weeks following blast exposure (C, n = 22).

four weeks postblast exposure (range −6.30 to +6.30 μV),
which was not significantly different between baseline
(23.85 ± 3.35 μV, CV = 14.0) and four weeks postblast expo-
sure (Fig. 5E, F, 23.60 ± 4.19 μV, CV = 17.7%, P= 0.83, paired
t-test).

Blast Exposure in Outbred Mice Results in
Greater Variance Compared to Inbred Mice

To understand if blast exposure resulted in differential
effects in J:DO mice compared to C57BL/6J and BALB/cByJ
mice, we compared the change in OCT thickness from base-
line to four weeks following blast. There was a significant
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FIGURE 5. Phenotypic RGC responses in inbred mice. C57BL/6J mice exposed to blast injury had an average RGC complex + RNFL thickness
of 66.92 ± 1.76 μm at baseline (A, n = 7). The RGC complex + RNFL was 63.77 + 1.15 μm and had an average change of 3.14 ± 1.09 μm
four weeks postblast (B, range: −4.53 to −1.75 μm). There was a significant difference between the thickness at baseline and four weeks
postblast (P = 0.0003, paired t-test). The baseline RGC complex + RNFL thickness for BALB/cByJ mice was 57.31 ± 2.19 μm (C, n = 12).
The RGC complex thickness four weeks following blast exposure was 58.15 ± 1.99 μm. The average change in thickness from baseline was
1.02 ± 2.41 μm four weeks following blast exposure (D, range: −1.83 to +6.17 μm). There was not a significant difference between RGC
complex + RNFL thickness at baseline and four weeks postblast (P = 0.1697, paired t-test). Analysis of the change in the PERG response in
C57BL/6J mice showed a change of −0.25 ± 3.87 μV four weeks postblast exposure (range −6.30 to +6.30 μV), which was not significantly
different between baseline (23.85 ± 3.35 μV) and four weeks postblast exposure (E, F, n = 12, 23.60 ± 4.19 μV, P = 0.83, paired t-test).

difference in the �OCT between J:DO and C57BL/6J mice
(P = 0.004, Welch’s t-test, Supplementary Fig. S5A), with
a significant difference in the variance of the groups (P =
0.0002, F = 34.86, df = 56).

There was not a significant difference in the �PERG
between J:DO and C57BL6/J (P = 0.13, Welch’s t-test,
Supplementary Fig. S5B), although the variances of the
groups was significantly different (P = 0.0003, F = 10.33, df

= 29). There was not a significant difference in the �OCT
between J:DO and BALB/cByJ (P = 0.219, Welch’s t-test,
Supplementary Fig. S5A), although there was a significant
difference in the variance of the groups (P = 0.001, F =
7.10, df = 56).

The raw baseline values of J:DO mice were compared to
each inbred strain to understand if J:DO mice had differ-
ent baseline values and a greater variance in baseline values
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prior to injury. There was a significant difference in the
baseline RGC complex + RNFL thickness between J:DO and
C57BL/6J mice (P = 0.0003, Welch’s t-test). There was also a
significant difference in the variances of J:DO and C57BL/6J
mice (P= 0.03, F= 3.24, df = 47). Comparison of BALB/cByJ
mice and J:DO mice revealed a significant difference in base-
line RGC complex + RNFL thicknesses (P < 0.0001), and
significantly different variances (P = 0.003, F = 2.77, df
= 47). There was also a significant difference in the RGC
complex + RNFL thickness of BALB/cByJ mice compared to
C57BL/6J mice (P < 0.0001, unpaired t-test), although the
variances did not differ (F = 1.53, df = 11, P = 0.62).

Comparison of baseline PERG responses in J:DO and
C57BL/6J mice showed a significant difference (P = 0.02,
Welch’s t-test), with significantly different variances (P <

0.0001, F = 5.83, df = 94). Comparison of the baseline
densities of BRN3A-positive RGCs showed significantly more
labeled RGCs in C57BL/6J mice compared to J:DO mice (P
< 0.0001, Welch’s t-test), although they did not have signifi-
cantly different variances (F = 1.13, df = 21, P = 0.85).

DISCUSSION

This study has demonstrated that the phenotypic RGC
response to blast injury is dependent on the genetic back-
ground of the animal receiving the blast injury. We have
tested the functional response of RGCs using the PERG. This
analysis showed a highly variable response in outbred mice,
in which the PERG amplitude increased in some J:DO mice
following blast, was relatively unaffected in some mice, and
was significantly decreased in others. When we compared
the change in PERG amplitude from baseline in J:DO mice
to C57BL/6J mice we did not observe a significant difference
in the average response across all mice overall, although we
did observe a significant difference in the variance of the
groups. The lack of change was due to the fact that the PERG
increased or did not change in some mice and decreased
in many mice. Comparison of the change in the OCT thick-
ness showed a significant difference in the amount of change
between J:DO and C57BL/6J, and a significant difference in
the variance of the change. In contrast, there was not a signif-
icant difference in the OCT thickness change from baseline
in J:DO mice compared to BALB/cByJ, although there was a
significant difference in the variances of the groups.

The results obtained in this study are in agreement with
other groups that have shown an effect of neurotrauma on
the visual system.41–43 Previous studies have also shown
differences among inbred strains subjected to the same blast
trauma.14,44 The differences among inbred strains are not
unexpected, as previous studies of optic nerve crush have
shown that RGC survival following injury is strain depen-
dent,45 as are RGC responses to glaucoma.46–48 However,
there appears to be differences in strain susceptibility when
comparing mechanisms of injury. BALB/cByJ mice were
previously shown to have the greatest susceptibility to optic
nerve crush, while C57BL/6J were among the most resistant
strains. In this study we have shown BALB/cByJ to be resis-
tant to decreases in the RGC Complex + RNFL thickness.
In this study (and in previous studies), we have shown the
RGCs of C57BL/6J to be susceptible to blast injury.25,26,28,29,31

The lack of a difference in OCT in the BALB/cByJ mice
following blast might be due to retinal swelling or dendritic
rearrangement, although these were not evaluated in this
study. The differences in inbred strain responses to blast are
reflected in the highly variable response in J:DO mice. While

the number of mice in this study is too small to identify
loci, the results presented here suggest the response to blast
injury has a strong genetic component, rather than being
simply the result of a physical trauma that leads to identical
outcomes in all affected individuals.

Our study also has caveats that are important to note.
First, we subjected mice to one single blast injury, at one
blast intensity.We, and others, have previously noted that the
number of blast exposures, the timing of those exposures,
and the intensity of those exposures can lead to differential
responses within single inbred lines of mice. An important
subject of future study will be to evaluate the effect of differ-
ent blast intensities on the J:DO line of mice. Second, we
have only evaluated a single timepoint after blast injury in
this study. Previous studies in C57BL/6J mice have shown
differences in retinal responses at different timepoints after
injury.25 Future longitudinal studies in J:DO mice will be
crucial to determine if the molecular mechanisms respon-
sible for acute RGC death and dysfunction are similar or
different at chronic timepoints following injury. Third, this
study relied upon two noninvasive outcomes to analyze the
function and structure of RGCs—the PERG and OCT. Our
previous study has shown that the PERG can remain normal,
while in vitro electrophysiological recordings of RGC activ-
ity show significant abnormalities that are only apparent in
an intact animal when using provocative PERG for testing.25

Future studies using provocative PERG testing, visual evoked
potentials and electrophysiological single cell evaluation of
RGCs will be important to understanding the relationship
between RGC structure and function following blast expo-
sure. It will also be important in future studies to analyze
the functional PERG data from BALB/cByJ mice, in addi-
tion to other lines of inbred mice. Furthermore, using both
pigmented mice and nonpigmented mice, as we have done
in this study, will be important. This is because tyrosinase
is nonfunctional in nonpigmented mice such as BALB/cByJ
and is known to influence a subset of RGCs.49 It is conceiv-
able that this might influence the phenotypic response to
TBI, which in turn may affect the variability and interpreta-
tion of the data.

Additionally, the histological analysis performed in our
study relied on enucleation of one eye prior to blast expo-
sure to provide a baseline number of RGCs. This was neces-
sary because each J:DO mouse has a unique genetic back-
ground. It has been shown that baseline numbers of RGCs
are background dependent,39 making it likely that each J:DO
mouse has a different number of baseline RGCs, which is
what we detected in our study. Additionally, there is not
a robust histological marker of neurodegeneration follow-
ing blast injury. While there is a possibility this analysis
could introduce variation, previous publications have shown
that retinal parameters have high intraocular correlation in
J:DO mice.19 Furthermore, we have shown that BRN3A anti-
body staining is not significantly different between eyes in
C57BL/6J mice. However, we cannot discount the possibil-
ity that enucleation of one eye may result in optic nerve
and/or RGC damage in the fellow eye,50 which would have
the potential to influence the results presented here. Further
assessment of this should be performed in future studies.
Finally, our study was able to identify a contribution from
genetic background, which was undoubtedly related to our
ability to hold other parameters, such as the injury insult,
age, and sex, constant. This finding has relevance to studies
of the basic science of TBI pathophysiology, but it would
be an oversimplification to assume that outcomes following
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TBI in humans should have a pronounced link to ethnicity or
heredity. The comparison of inbred mice to J:DO mice used
fewer mice in the inbred groups than in the J:DO group. It
will be important in subsequent studies to examine larger
cohorts of mice.

In conclusion, our study has shown that there is a
strong genetic component to the RGC response to blast-
mediated traumatic brain injury. We have also shown signif-
icant variances in the PERG and OCT outcomes in mice
of different genetic backgrounds, which indicate their util-
ity in mapping loci and molecular pathways that contribute
to the susceptibility to or preservation of RGCs following
blast exposure. Identifying these genes, proteins, mecha-
nisms, and pathways will help to develop treatments for trau-
matic brain injury that extend beyond blast-mediated neuro-
trauma, including other optic neuropathies.
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