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Abstract

There is increasing evidence that long-lasting morphologic and
functional consequences can be present in the human visual system
after repetitive mild traumatic brain injury (r-mTBI). The exact lo-
cation and extent of the damage in this condition are not well un-
derstood. Using a recently developed mouse model of r-mTBI, we
assessed the effects on the retina and optic nerve using histology and
immunohistochemistry, electroretinography (ERG), and spectral-
domain optical coherence tomography (SD-OCT) at 10 and 13 weeks
after injury. Control mice received repetitive anesthesia alone (r-sham).
We observed decreased optic nerve diameters and increased cellularity
and areas of demyelination in optic nerves in r-mTBI versus r-sham
mice. There were concomitant areas of decreased cellularity in the
retinal ganglion cell layer and approximately 67% decrease in brain-
specific homeobox/POU domain protein 3A—positive retinal ganglion
cells in retinal flat mounts. Furthermore, SD-OCT demonstrated a de-
tectable thinning of the inner retina; ERG demonstrated a decrease in
the amplitude of the photopic negative response without any change in
a- or b-wave amplitude or timing. Thus, the ERG and SD-OCT data
correlated well with changes detected by morphometric, histologic,
and immunohistochemical methods, thereby supporting the use of
these noninvasive methods in the assessment of visual function and
morphology in clinical cases of mTBL

Key Words: Electroretinography, Ganglion cells, Mild traumatic
brain injury, Optic nerve, Retina, Spectral-domain optical coherence
tomography.

INTRODUCTION

Traumatic brain injury (TBI) is a major cause of death
and disability, with an estimated worldwide incidence of about
10 million cases per year (1). The annual incidence in the
United States alone is approximately 1.7 million (2), with
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estimated medical costs of $56.5 billion in 2000 (3). These
figures are likely an underestimate of the true incidence of
injury and cost because cases of TBI are often unreported.

Traumatic brain injury severity is commonly described
as mild, moderate, or severe based on a number of factors
such as the duration of loss of consciousness and/or coma
rating scale or score, posttraumatic amnesia, and brain imag-
ing results (4). Concussion, or mild TBI (mTBI), is the most
common form of TBI, accounting for up to 75% of all brain
injuries occurring annually in the United States (2).

Ocular and vision damage has been reported previously
as a consequence of TBI, including mTBI, as part of the
postconcussion syndrome (5-8). Thus, symptoms of photo-
sensitivity, blurred vision, double vision, decreased visual
acuity, and visual field defects are often described. However,
the mechanisms leading to these short- or long-term negative
impacts on visual function and abilities are poorly understood.

Recently, changes in surrogate measures of visual func-
tion and ocular structures have been reported in rodent studies
using a single blast injury focused on the head (9). The authors
found a decrease in retinal nerve fiber layer (RNFL) thick-
ness and a decrease in pattern electroretinography (ERG) 3 to
4 months after injury, which correlated with punctate regions
of reduced cellularity in the ganglion cell layer and damage
to the optic nerve. While relevant for some forms of human
TBI, in particular certain military exposures, blast models
relate to injuries that occur relatively rarely within the spectrum
of human TBI.

We have recently developed a mouse model to enable
characterization of the consequences of repetitive mild TBI
(r-mTBI) in closed head injury. Extensive neurobehavioral
and neuropathologic analyses of this model have demonstrated
the deleterious effects of r-mTBI on brain morphology and
cognitive function (10-12). Whether r-mTBI has any signifi-
cant quantifiable negative consequences for the visual system
is unclear. The purpose of the present study was to use this
novel model to characterize the effects of r-mTBI on the
mouse visual system.

MATERIALS AND METHODS
Animal Handling

All procedures were carried out according to the Asso-
ciation for Research in Vision and Ophthalmology statement
for the Use of Animals in Ophthalmic and Vision Research,
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the Association for Assessment and Accreditation of Labora-
tory Animal Care and were approved by the local Institutional
Animal Care and Use Committee.

Adult C57BL/6 male mice (aged 8-10 weeks) were ran-
domly assigned to either r-mTBI or repetitive sham (r-sham;
anesthesia only) groups. Five consecutive hits with an inter-
concussion interval of 48 hours were applied, according to an
established method that causes no skull fractures, hemorrhages,
or cerebral contusions (10). Briefly, mice were anesthetized
with isoflurane and placed on a heating pad. The injury was
triggered using an electromagnetic controlled impact device
with a 5-mm blunt metal impactor tip (Impact One Stereotaxic
Impactor, Leica Biosystems, Buffalo Grove, IL) at a strike ve-
locity of 5 m per second, strike depth of 1.0 mm, and dwell
time of 200 milliseconds. The location of the impact on the
skull was central, equally distant from both eyes (Figure 2 in
Mouzon et al [10]). Sham mice received anesthesia of equal
duration to the injured mice and at the same intervals.

Injury Groups and Schedule

Cohorts of mice were killed at 10 and 13 weeks after
r-mTBI (n = 12) or r-sham (n = 12), and the eyes and optic
nerves were examined histologically. A subset of the mice was
examined at 10 weeks after the last injury by spectral-domain
optical coherence tomography (SD-OCT) and ERG.

In addition, naive C57BL/6 mice (both male and female)
aged 6 to 9 months (n = 7) were obtained from Jackson Labo-
ratories (Bar Harbor, ME) and were used as a reference group
for SD-OCT and histology.

Retinal and Optic Nerve Histology

The animals were deeply anesthetized with isoflurane.
They were then intracardially perfused by gravity drip with
a heparinized PBS solution and 4% paraformaldehyde for
3 minutes. The eyes and optic nerves were extracted separately
by cutting the optic nerve approximately 0.5 mm from the pos-
terior pole of the eyeball. Low-temperature cautery was used to
mark the 12-o’clock position on each cornea; care was taken to
ensure that the mark remained visible throughout the process-
ing. Both eye and optic nerve specimens were fixed in 10%
neutral buffered formalin (BBC Biochemical, Everett, WA)
at 4°C for 24 hours and then transferred into 80% ethanol for
long-term storage. Samples were processed for paraffin em-
bedding using a standard protocol and embedded in paraffin
in such a way as to ensure a cut through the vertical meridian
of the eyeball and a longitudinal cut through the optic nerve.
Paraffin blocks were sectioned at a thickness of 4 wm with a
Leica RM2235 microtome (Leica Microsystems Inc., Buffalo
Grove, IL) and mounted on positively charged glass slides
(Erie Scientific, Portsmouth, NH).

Hematoxylin and eosin (H&E) staining was applied to
the optic nerves and eye cross sections. In addition, Luxol fast
blue (LFB) staining with cresyl violet (CV) as a counterstain
was applied to the optic nerve cross sections.

Estimating Cellularity in the Retinal Ganglion
Cell Layer

Cellularity in the retinal ganglion cell (RGC) layer was
determined by image analysis in 3 adjacent areas in the upper
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and 3 adjacent areas in the lower retina on H&E-stained retinal
cross sections cut through the vertical meridian from mice
at 10 weeks after injury (n = 4, r-sham; n = 4, r-mTBI).
Three adjacent image fields, each corresponding in size to
40x microscopic field, were outlined starting at approximately
600 pm from the center of the optic disc in the upper and in the
lower retina. The purpose of this selection was to avoid areas
of multilayer cellular distribution that are typically present in
the RGC layer in mice and other mammals. All cell nuclei in
the RGC layer were counted using image processing software
(Imagel, version 1.48; National Institutes of Health, Bethesda,
MD [13]). Briefly, images were converted to 8-bit format and
then adjusted for contrast, brightness, and threshold. Larger
areas, where the cells were perceived as fused, were subdivided
using a watershed procedure in ImageJ. The cells in each of
the 3 adjacent areas were counted individually by enclosing
the region of interest with the selection tool and using the
Analyze Particles method available as part of ImagelJ. Results
from this counting method correlated well (» = 0.95) with the
estimates obtained with manual counting of 5 images.

Flat Mount Preparation and RGC Counting

Whole-mount retinal preparation of mice at 13 weeks
after injury (n = 3, r-sham; n = 6, r-mTBI) was carried out
using a method similar to that described by Salinas-Navarro et al
(14), with slight modifications. Briefly, mice were deeply anes-
thetized, and the vertical orientation of the eye was marked
by low-temperature cautery. On dissection of the eyeball, the
rectus muscle insertion into the superior part of the eye and
the nasal caruncle were used as additional landmarks. Both
retinas were dissected and prepared as flattened whole mounts
by making 4 radial cuts (the deepest in the superior pole),
postfixed for an additional 1 hour, and then transferred into
a 2-mL vial.

Immunofluorescence staining with an antibody against
brain-specific homeobox/POU domain protein 3A (Brn-3a)
was performed similar to the methods described in Galindo-
Romero et al (15). Briefly, retinas were permeated in PBS 0.5%
Triton X-100 by freezing them for 15 minutes at —70°C; they
were then rinsed in fresh PBS 0.5% Triton and incubated
overnight at 4°C with a primary goat anti-BRN3A (C-20)
antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA)
diluted 1:100 in blocking buffer (PBS, 2% bovine serum albu-
min, 2% Triton). Retinas were then washed 3 times in PBS
and incubated for 2 hours at room temperature with the
secondary antibody (Alexa Fluor 594-AffiniPure Rabbit Anti-
Goat IgG; Jackson ImmunoResearch Laboratories Inc., West
Grove, PA) diluted 1:500 in blocking buffer. Finally, retinas
were thoroughly washed in PBS and mounted vitreal side up
on slides and covered with antifading solution.

Counting of Ganglion Cells

For each whole mount, a series of nonoverlapping im-
ages were taken with a motorized stage (ProScan; Prior Sci-
entific Inc., Rockland, MA) and an XM 10 camera attached to
an Olympus BX63 microscope (Olympus America, Center
Valley, PA) using a Texas red filter cube. Because of the dif-
ference in focal plane across the retinal preparation, focus
stacking was performed to ensure that RGC nuclei were always
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in focus. The stacked mosaics of images were then exported
and subsequently combined into 1 frame using the maximal
intensity projection method in ImagelJ. After background ad-
justment, the images were converted to 8-bit format and then
adjusted for contrast, brightness, and threshold. Larger areas
where the cells were perceived as fused were subdivided using
a watershed procedure. The RGC nuclei were counted with
an automated counting algorithm in ImageJ within the cell nu-
cleus size range of 10 to 300 mm?, similar to one used in
published literature (15). The coordinates of all cells were then
exported in MS Excel software (Microsoft Inc., Redmond,
WA), and a preliminary map was constructed based on a grid
line distance of 150 pm (grid cell area, 0.0225 mm?). A final
filled contour plot map was then generated in Sigma Plot 8.0
(Systat Software, Inc., San Jose, CA). To estimate the differ-
ences in the magnitude of cell loss in the center versus pe-
riphery, 4 concentric circles (with increasing radius steps of
600 wm) were drawn on the thresholded image and the num-
ber of Brn-3a—positive cells was determined within the retinal
area of each circular region.

Optic Nerve Morphometry

After death and removal of the eyeballs, optic nerves at
13 weeks after injury (n = 5, r-sham; n = 6, r-mTBI) were
carefully separated from the rest of the tissue and placed on a
glass slide above a dark background. All optic nerve prepa-
rations were imaged with a calibrated camera (OQCLR3C;
QImaging, Surrey, British Columbia, Canada) attached to an
Olympus SZX10 stereomicroscope (Olympus America). Im-
ages were saved in TIFF format and analyzed in ImageJ. The
length of the optic nerves was determined by drawing a line
through the estimated center part of each nerve from the chi-
asm to the end of the sample. The thickness was measured by
drawing perpendicular lines to the main line at every 500 pwm
along the length of the nerve. After completion of the imaging
procedure, the optic nerves were processed for paraffin em-
bedding as described below.

Estimating Cellularity in the Optic Nerve
Cellularity in the optic nerve tissue was estimated in
the paraffin-embedded, H&E-stained longitudinal sections of
nerves from naive, r-sham, and r-mTBI mice at 10 weeks after
injury (n = 6, naive; n = 5, r-sham; n = 3, r-mTBI). Optic nerve
cell nuclei were counted using ImagelJ software. First, images
were converted into 8-bit gray-scale images, and the back-
ground was subtracted using the software procedure available.
Brightness and contrast were manually adjusted. The image
was then converted into a binary format with a manually opti-
mized threshold. The watershed subroutine was used to sepa-
rate nuclei with a common border. Starting from the periocular
end, rectangular areas equivalent in size to 40X microscopic
field were generated along the entire length of the optic nerve
such that they did not overlap but incorporated as much surface
area of the optic nerve as possible. Cells were counted and
measured using the particle analyzer included in Imagel. The
average minimum, maximum, perimeter, circularity, percent
area, roundness, solidity, and count for each box were recorded.
For boxes that encompassed areas outside the optic nerve
boundaries, the region of interest including only the optic

© 2014 American Association of Neuropathologists, Inc.

nerve tissue within the rectangular area was measured and re-
corded with the data. Cell density (in cells per square millimeter)
was calculated for each area based on cell nuclei count and
the area of region of interest.

Immunohistochemistry

Optic nerve specimens were obtained, processed, and
mounted on slides as described above. Sections were depa-
raffinized in xylene and rehydrated in a decreasing gradient of
ethanols. The sections were then rinsed in water and subse-
quently incubated at room temperature in a solution of en-
dogenous peroxidase blocking solution, containing 0.3% H,0O,
diluted in PBS (0.1 mol/L, pH 7.4) for 30 minutes. After
rinsing, sections were treated with target retrieval solution for
8 minutes in a microwave for antigen retrieval. Further incu-
bation with either protein block “serum-free” solution (Dako,
Carpinteria, CA) or mouse immunoglobulin G blocking reagent
(mouse on mouse [MOM] Kit; Vector Laboratories, Burlingame,
CA) (depending on antibody used) was performed for a period
of 1 hour in a humid chamber at room temperature.

Sections were stained in batches with primary antibodies
raised against glial fibrillary acidic protein (GFAP) (rabbit anti-
GFAP, 1:10,000; Dako) for astrocytosis and ionized calcium-
binding adaptor molecule 1 (Iba-1) for microglia. As a negative
control, 1 section was incubated with all reagents except the
primary antibody. Tissue sections stained with Iba-1 were
subjected to antigen retrieval with modified citrate buffer (Dako)
under pressure. Endogenous peroxidase activity was quenched
with a 15-minute H,O, treatment (3% in water). Each section
was rinsed and incubated with the appropriate blocking buffer
(ABC Elite kit; Vector Laboratories) for 30 minutes before
applying the appropriate primary antibody overnight at 4°C.
The diluted biotinylated secondary antibody from the ABC
Elite Kit was then applied on each glass slide. Antibodies were
detected using the avidin-peroxidase complex, and labeling was
revealed after incubating the sections in 3,3’-diaminobenzidine
(DAB) peroxidase solution (0.05% DAB-0.015% H,O, in
0.01 mol/L PBS, pH 7.2) for 6 to 7 minutes.

Optical Coherence Tomography

Spectral-domain OCT was performed in a subset of
animals (r-sham, n = 3; r-mTBL n = 6) at 10 weeks after
injury. Animals were anesthetized with a portable isoflurane
inhalation system (Summit Medical Equipment Company,
Bend, OR) after initial induction in a chamber with 2% (vol)
isoflurane at 2 L/minute oxygen flow. Their pupils were dilated
with 1% tropicamide (Alcon Laboratories, Ft. Worth, TX) and
5% phenylephrine hydrochloride (EyePhrine, Eye Supply,
Tampa, FL), and the animals were placed on a custom-designed
platform in front of the SD-OCT instrument. Anesthesia was
maintained by applying 1.5% to 1.8% isoflurane via a nose cone
at 0.8 L/minute oxygen flow throughout the imaging session.
Heidelberg Spectralis HRA + OCT system (Heidelberg Engi-
neering, Vista, CA) was used, without any modification of
the optical path. B-scan images of the retina were acquired in
2 modes: a circular ring scan (» = ~1.4 mm) and a starlike
pattern of 4 line scans—both centered on the optic nerve head.
Eye motion artifacts were eliminated by in-system eye tracking,
and at least 25 frames were averaged per B-scan to increase
the signal-to-noise ratio.

347

Copyright © 2014 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited.

220z Ae 70 uo Jasn sonsinBulioyoAsd IdIN A 989/ L6Z/SYE/Y/E L/RIvINE/USUNWOD dNO"dlWspeo.)/:SAY WO} POPEOJUMOQ



Tzekov et al

J Neuropathol Exp Neurol ® Volume 73, Number 4, April 2014

To obtain measurements from the B-scan, layer lines
automatically defined by Heidelberg software were manually
adjusted. Both total retinal thickness (TRT) and inner retinal
thickness (IRT) were measured. Total retinal thickness was
measured from the vitreo-retinal surface to the retinal pigment
epithelium/Bruch membrane complex as delineated by the seg-
mentation algorithm used in the SD-OCT software (Spectralis-
OCT Viewing Module, Heidelberg Eye Explorer, Heidelberg
Engineering). Inner retinal thickness was measured between the
internal limiting membrane and the outer nuclear layer, a feature
clearly delineated on an OCT scan of the mouse retina (16).

A. B.

Superior — Temporal

Temporal - Superior

Superior — Nasal

Data from the circular ring scan for both thickness mea-
surements were analyzed in 2 ways. First, an average value was
calculated for each of 4 quadrants, that is, superior (S), tem-
poral (T), inferior (I), and nasal (N). Furthermore, to examine
the spatial variability of the retinal thickness in more detail,
each quadrant segment was subdivided into 2 sectors. Thus, a
total of 8 segment sectors were analyzed, and the average retinal
thickness value was calculated for each sector (Fig. 1A). Retinal
thickness (both total retina and inner retina) from the starlike
pattern of line scans was analyzed at 4 locations for each line
scan, that is, at both ends of the line scan and at 2 points located

C.

OCT ART (70) O: 18 [HS

Nasal - Superior

Temporal - Inferior

Inferior — Temporal

Inferior — Nasal

Nasal - Inferior

FIGURE 1. Spectral-domain optical coherence tomography image acquisition and analysis. (A) Position of the circular scan on the
retina. (B) Schematic representation of the subdivision of the circular scan in 8 sectors. (€) Representative image of an unwrapped
circular B-scan with segmentation lines indicating the inner limiting membrane and the lower boundary of the outer nuclear layer
(indicated as RNFL on the image by the manufacturer’s software). (D) Vertical B-scan with yellow squares indicating the position of
the points of measurement along the scan. (E) Horizontal B-scan with yellow squares indicating the position of the points of

measurement along the scan.
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approximately 400 wm toward the center of the optic disc
along the line of the scan (Fig. 1B-D).

Electroretinography

Full-field ERG under photopic conditions was performed
in a subset of animals (r-sham, n = 5; r-mTBI, n = 3) at
10 weeks. For this test, animals were anesthetized with an in-
traperitoneal injection of a mixture of ketamine (60 mg/kg)
and xylazine (5 mg/kg). Their pupils were dilated with 1%
tropicamide (Alcon Laboratories) and 5% phenylephrine hy-
drochloride (EyePhrine), and the animals were placed on a
heating pad attached to a Gaymar T/Pump TP650 (Stryker, Inc.,
Kalamazoo, MI). An Espion E? system with Color Dome stim-
ulator (Diagnosys, Lowell, MA) was used to generate stimuli
and record data. A mouse contact lens electrode with an em-
bedded gold loop (Mayo Corporation, Inazawa, Japan) was used
as an active electrode; a subdermal stainless steel needle elec-
trode placed in the midline of the skull between the eyes was
used as a reference. Four different types of stimuli were de-
livered on a white background with a luminance of 30 cd/m?
that is, white flashes of 2 different intensities (30 cd.s/m” and
300 cd.s/m?) and green flashes (A e = 510 nm) of 2 different
intensities (30 cd.s/m* and 60 cd.s/m?). All flashes were
delivered at a rate of 1 Hz, and the period analyzed was
300 milliseconds. The signal was amplified at least 10,000 times,
and filter settings were 0.1 to 1,000 Hz. The photopic b-wave
was measured from the trough of the a-wave to the peak of
the b-wave, whereas the photopic negative response (PhNR)
was measured at the lowest point after the b-wave peak within
the time interval 100 to 250 milliseconds.

Statistical Analysis

Optical coherence tomography measurements were ana-
lyzed using 2-way analysis of variance (ANOVA), including
the Sidak multiple comparison test for individual points when

A.

280 A

260 A
Hokkk
240

2204

thickness (um)

—®— r-sham

200 A —®= r-mTBI

A naive

ST SN NS NI IN IT Tl TS

180~

an interaction between the 2 factors (i.e. location of the mea-
surement and treatment effect) was present. For ERG analysis,
results from both eyes were averaged, and the average values
were used for statistical comparison. Similarly, morphometric
measurements of optic nerve diameters from the left and right
optic nerves were averaged, and the averaged values are com-
pared. Cellularity analysis of the optic nerves and inner retina
used only 1 eye per optic nerve per subject. For OCT retinal
thickness analysis, 1 eye per mouse was randomly selected and
included in the analysis. For RGC counts and RGC density
comparison within the 4 circular areas, results from both eyes
were aggregated. In this case, to account for the unbalanced
sample size and the interocular correlation, a mixed-model
ANOVA was used on log-transformed data, with the mouse ID
nested under treatment groups and considered a random effect.
Comparison between groups for other measures was done using
the Mann-Whitney test. A value of 0.05 was used as a signifi-
cance level to reject the null hypothesis in all tests.

GraphPad Prism 6.0 (Graph Pad Software Inc., La Jolla,
CA) and Sigma Plot 8.0 (Systat Software, Inc., San Jose, CA)
were used for graphing purposes. GraphPad Prism was used
for most of the statistical analysis; JMP version 8.0.2.2.
(SAS Institute Inc., Cary, NC) was used for mixed-model
ANOVA analysis.

RESULTS

Retinal Thickness in the Peripapillary Region

Spectral-domain OCT was used to analyze the TRT and
the IRT obtained with the circular scan in the peripapillary
retina at 10 weeks after injury (Figs. 1A, B; 2). Both measures
of retinal thickness were compared in any 8§ sectors in mice
after r-sham versus r-mTBIL

The average value of the TRT across all sectors in r-sham
mice was 255.2 + 1.5 wm (mean = SE), whereas the average

B.

120 1

100

80

thickness (um)

60

401
ST SN NS NI IN IT TI TS

FIGURE 2. Retina thickness measured by a circular B-scan. Eight-sector average circular scan measurements for total (A) and inner
(B) retinal thicknesses. Mean values + SEM are presented for each segment for the repetitive anesthesia alone (r-sham), r-mTBI, and
naive groups. Gray area indicates mean values + 95% confidence interval for the naive mice. Asterisks indicate the level of signifi-
cance between mTBI and sham (***+ p <0.0001; 2-way ANOVA). IN, inferior nasal; IT, inferior temporal; NI, nasal inferior; NS,
nasal superior; SN, superior nasal; ST, superior temporal; Tl, temporal inferior; TS, temporal superior.
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value of the TRT in mice after r-mTBI was 239.0 = 1.6 pum;
the observed overall decrease in thickness was significant
(p <0.0001, 2-way ANOVA,; Fig. 2A). Because an interaction
between position and thickness accounted for a very small
amount of the total variance, which was not statistically sig-
nificant, a post hoc analysis of individual differences at a dif-
ferent sector level was not conducted.

We next performed segmentation and measurement of
the inner retina thickness to address the question of whether
the observed generalized decrease in TRT was caused by a
process affecting all retinal layers or was specially restricted
to thinning of the inner retina. Measurements of IRT across
the 4 quadrants in r-sham mice resulted in an average value of
97.6 £ 1.0 pm; in r-mTBI mice, the mean value was 74.2 +
1.4 pm, indicating a 24% decrease in thickness. This differ-
ence was significant (p < 0.0001, 2-way ANOVA; Fig. 2B).

A.
300+
2704
T
=
@«
2401
=
=
2
=
210
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& r-mTBI
A naive
180 T T T T
1 2 3 4
superior inferior
C.
3001
270+
£
=5
n
n
240+
o
4 *kk
x
° 1
: i _—!
Ri ok
v
2104 ek ke
180 T T T T
1 2 3 4
temporal nasal

Thus, the entire difference in TRT between the 2 groups can
be explained by the thinning of the inner retina after -mTBL
As with overall thinness measurements, no interaction was
observed between measurement position and thickness.

Of note, the average values for the retinal thickness under
both conditions (full retinal thickness and IRT) in naive mice
were much closer to the values of r-sham mice than to the
values for r-mTBI mice (Fig. 2). When tested with 2-way
ANOVA, the difference in retinal thickness between naive
mice and mice after r-mTBI was significant for both compari-

sons (p < 0.0001).
Retinal Thickness in the Midperiphery

In addition to the measurement and analysis of the peri-
papillary region, SD-OCT was used to evaluate TRT and IRT
in the midperiphery using vertical and horizontal line B-scans

150 7

1204

thickness (um)

60

30 T T T T

1

superior inferior

1509

1204

thickness (um)

60

30 T T T T

4

temporal nasal

FIGURE 3. Retina thickness measured by a vertical and horizontal B-scan. Average vertical B-scan measurements for total (A) and
inner (B) retinal thicknesses. Average horizontal B-scan measurements for total (€) and inner (D) retinal thicknesses. Mean
values + SE are presented for each segment for the repetitive anesthesia alone (r-sham), r-mTBI, and naive groups. Gray areas
indicate mean values + 95% confidence interval for the naive mice. Asterisks indicate the level of significance between mTBI and

sham (2-way ANOVA).
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(Fig. 3). The average TRT along the vertical B-scan of r-sham
mice was 250.6 + 1.8 m, a value that was considerably higher
compared with the corresponding value from r-mTBI mice of
237.8 £ 1.0 pm (p < 0.0001, 2-way ANOVA).

Inner retinal thickness along the vertical scan also dif-
fered between the 2 groups. Thus, the average IRT for r-sham
mice was 97 + 1.5 wm, whereas the same measure for r-mTBI
mice was 83.1 £ 0.3 um (a 14.3% thinning, p < 0.0001, 2-way
ANOVA). No interaction between position and thickness was
observed either for TRT or IRT and, therefore, post hoc mul-
tiple comparisons were not explored.

Measurements along the horizontal B-scan provided re-
sults similar to the one obtained from the vertical scan. Thus,
the average TRT from r-sham versus r-mTBI mice was 242.8 +
2.5 pm versus 221.8 £ 2.6 pm (p < 0.0001, 2-way ANOVA).
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Because an interaction between position and thickness was
considered significant (p = 0.007), the Sidak multiple compar-
ison test was conducted and confirmed that the retinal thick-
ness in all 4 points differed between the groups to variable
degrees of significance (from p < 0.01 to p < 0.0001; Fig. 3C).
As in the case of the vertical scan, IRT measurements along
the horizontal scan also differed between the 2 groups. The av-
erage IRT for r-sham mice was 97.8 + 1.1 m, whereas the same
measure for r-mTBI mice was 80.1 £ 0.6 pm (18.1% thinning,
p <0.0001, 2-way ANOVA; Fig. 3D). There was no interaction
between position and thickness by 2-way ANOVA analysis.
As with the peripapillary measurements, the average
values for TRT and IRT of naive mice were much closer to the
values of r-sham mice compared with the values for r-mTBI
mice. When tested with 2-way ANOVA, the differences in
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FIGURE 4. Electroretinography traces and amplitude and timing measures of the main ERG components under stimulation with
green light. (A, B) Recordings obtained under green flash stimulation on a white background. The stimulus strength is indi-
cated in brackets. Average of the traces is presented in bold lines, and 95% confidence intervals are presented in shaded areas. Blue
arrows indicate the place and size of the PhNR amplitude. GF, green flash; WB, white background (for details, see Materials and
Methods). (€, D) Amplitudes and peak times of the main ERG components. Bars represent mean values; error bars represent SE.
Intergroup comparisons were performed with Mann-Whitney test (* p < 0.05). r-sham, repetitive anesthesia alone.
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retinal thickness between naive mice and mice after r-mTBI
were statistically significant for all comparisons (p < 0.0001).

Changes in Photopic ERG Parameters

At 10 weeks after injury, full-field ERG responses were
recorded under 4 different photopic conditions. In all 4 stimulus
conditions, the initial part of the ERG response (a-wave, b-wave,
oscillatory potentials) was similar in timing and overall shape
between r-sham and r-mTBI mice. However, the shape of the
PhNR differed markedly between the 2 groups, with r-mTBI
mice exhibiting much less negativity (i.e. lower amplitude of the
PhNR) versus the r-sham mice (Fig. 4; Figure, Supplemen-
tal Digital Content 1, http:/links.Iww.com/NEN/A568). Ampli-
tude comparison confirmed that the PhNR amplitude was
significantly different between the 2 groups for all 4 stimulus
conditions; the r-sham mice showed a higher amplitude
compared with the r-mTBI mice (p < 0.05, Mann-Whitney
t-test; Fig. 4A, C). Although some tendency was observed

A. .;»’

for the other ERG components, such as the b-wave, to be
higher in the -mTBI group compared with those in the r-sham
group, this difference was not significant (p > 0.05, Mann-
Whitney #-test).

The ERG b-wave peak times were not different between
the 2 groups for any of the 4 conditions tested. Similarly, except
for the stimulus condition using white stimulus 30 cd.s/m? on
a white background, the peak times of the PhANR were not dif-
ferent between the 2 groups (Fig. 4; Figure, Supplemental
Digital Content 1, http:/links.Iww.com/NEN/A568). A visual in-
spection of the ERG traces under the stimulus condition where the
peak time difference was significant (Figure, Supplemental Digital
Content 1, http:/links.Iww.com/NEN/A568, part C) indicates
an early, albeit small, trough for the PhNR in the r-mTBI group
and a relatively flat trace appearance after that for the duration
of the epoch. Thus, the difference in timing may be artifactual
because of the relatively early flattening of the trace, which
makes a precise determination of a negative trough difficult.
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FIGURE 5. Cross sections and analysis of the cellularity in the RGC layer. Representative cross sections of equivalent areas in the
upper retina from mice 10 weeks after anesthesia alone (r-sham) (A) and after r-mTBI (B). Areas of reduced cellular density in the
RGC layer are indicated with arrows. Scale bar = 20 um. (€) Schematic diagram of an eye cross section indicating the positions of
the measurement areas 1 to 3. (D) Average number of nuclei per area in GCL in the 2 groups. Intergroup comparisons were

performed with Mann-Whitney test (* p < 0.05).
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FIGURE 6. Representative images of retina flat mounts and results from RGC counts. Representative images from the upper retina of
a mouse after repetitive anesthesia alone (r-sham) (A) and r-mTBI (B). Retinal ganglion cells are labeled with anti-brain-specific
homeobox/POU domain protein 3A (Brn-3a) antibody. Scale bar = 100 pwm. Representative isodensity maps of retinas after r-sham
(€) and r-mTBI (D). (E) Comparison between the total number of Brn-3a—positive RGCs in the 2 groups. (F) Comparison between
the cell density (in cells per square millimeter) in each circle or circular segment between r-sham and r-mTBI. ** p < 0.01.
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Retinal Appearance and Cellularity in RGC Layer

Retinas from both r-sham and r-mTBI groups generally
appeared normal on histologic preparations through the ver-
tical meridian, whereas areas of reduced cellularity in the RGC
layer were noted in sections from r-mTBI mice (Fig. 5A, B).
This observation prompted an image analysis to quantify the
perceived differences in cellularity. Three adjacent areas, each
corresponding in size to 1 microscopic field at magnification
400x, were imaged and analyzed in the superior and inferior
parts of the retina (Fig. 5C). Image analysis showed a signifi-
cant decrease in the number of cells in the RGC layer in the
r-mTBI group compared with that in the r-sham group for the
2 areas closer to the optic disc (p < 0.05, Mann-Whitney
test). The same tendency was also observed in the third most
distant area, but it did not reach statistical significance (Fig. 5D).

5

Ganglion Cell Counts From a Flat Mount

The total number of Bm-3a—positive RGC in flat mounts
after repeated anesthesia (r-sham) was estimated at 33,858 +
3,653. This number is similar to one determined by Galindo-
Romero et al (15) (34,627 + 1,821) using the same method for
wild-type pigmented C57BL/6 mice and to those of other in-
vestigators using different methods (17).

Visual inspection of individual fields and isodensity
maps of RGCs generated from the quantitative data obtained
from RGC counting demonstrated reduced cellular density
in retinas after r-mTBI compared with retinas after r-sham
(Fig. 6A-D). The comparison between the total number of
RGCs between the 2 groups indicated an approximate 67%
reduction in eyes after mTBI to a total number of 11,062 + 3,287
(p = 0.002, mixed-model ANOVA,; Fig. 6E). This difference
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FIGURE 7. Representative images of optic nerve preparations and optic nerve diameter measurements. Optic nerve preparation
from mice 13 weeks after repetitive anesthesia alone (r-sham) (A) and r-mTBI (B). (€) Optic nerve diameter measurement method;
lines along the length of the optic nerve indicate longitudinal measurements; perpendicular lines indicate optic nerve diameter
measurement (scale bar = 500 wm). (D) Mean values for optic nerve diameters from the 2 groups; black arrow indicates the
approximate location of the intracanalicular part of the nerve. **** p < 0.0001.
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was also significant for any of the 4 circular areas (p < 0.01
for areas 1-3, p < 0.001 for area 4, mixed-model ANOVA;
Fig. 6F). The percent decrease in cell density was approxi-
mately the same for each circular area (63.8%, 70.8%, 68.7%,
and 70.7% for areas 1-4, respectively), indicating diffuse
RGC loss, with no difference in the pattern of cell loss between
the central and more peripheral retinal areas.

Morphometry and Histopathology
of Optic Nerves

Optic nerves of mice at 13 weeks after injury were
extracted and imaged to obtain an estimate of possible changes
in their diameter along the length of the nerve (Fig. 7A-C).
Overall, the diameter of the optic nerves in mice after -mTBI
was significantly decreased compared with the diameter of op-
tic nerves after r-sham (p < 0.0001, 2-way ANOVA,; Fig. 7D).
Two-way ANOVA analysis indicated a significant interaction
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between location and the size of optic nerve diameter (p =0.01),
and therefore, Sidak multiple comparison test was applied. The
only significant decrease in mean diameter was observed at
the point of juncture between the optic nerve and the chiasm
(27.5% thinning, p < 0.0001).

Routine H&E stains revealed the presence of a larger number
of cell nuclei in longitudinal sections of the optic nerve after -mTBI
compared with r-sham or naive mice (Fig. 8A—C). These lesions
showed mononuclear cell infiltrates and foamy macrophages
(Fig. 8D). These lesions were multifocal and bilateral (Figure,
Supplemental Digital Content 2, http:/links.lww.com/NEN/A569).
In addition, LFB/CV stain demonstrated local areas of re-
duced LFB staining in optic nerves after r-mTBI compared
with a typical uniform stain appearance after r-sham, or in naive
mice, suggestive of local areas of demyelination (Fig. 9A—C).
Furthermore, some areas resembled “cavernous degeneration”
(Fig. 9D). The optic nerve examples from mice after r-mTBI
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FIGURE 8. Representative longitudinal cross sections of optic nerves at 13 weeks after injury stained with H&E. Samples from naive
(A), repetitive anesthesia alone (r-sham) (B), and r-mTBI (C€) mice. There is an overall increase in the number of nuclei in the optic
nerve of the (r-mTBI) mouse compared with the other mice. Original magnification: 200x. Scale bar = 20 um. (D) Higher
magnification of the boxed region in (C) reveals areas of foamy macrophages with a few adjacent clusters of mononuclear
inflammatory cells suggestive of “cavernous degeneration.” Original magnification: 400x. Scale bar = 20 pm.
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FIGURE 9. Representative longitudinal cross sections of optic nerves at 13 weeks after injury stained with Luxol fast blue/cresyl violet.
Nerves from naive (A), repetitive anesthesia alone (r-sham) (B), and r-mTBI (C) mice. Original magnification: 200x. Scale bar = 20 pm.
(D) Higher magnification of the boxed region in (C) reveals an area of reduced Luxol fast blue staining indicating focal demy-
elination and a similar “cavernous degeneration” appearance as in Figure 8D. Original magnification: 400x. Scale bar = 20 pm.

respectively) were from different animals, supporting the repro-
ducibility of this observation.

Results from the image analysis of H&E-stained sections
demonstrated that the mean cellular density in optic nerves after
r-mTBI was 4,361 + 276 cells/mm? versus 2,892 + 85 cells/mm®
after r-sham, a 33.7% increase; this difference was signifi-
cant (p < 0.0001, Mann-Whitney test) (Fig. 10). The average
cellular density in optic nerves of naive mice was very close
to that observed in r-sham mice, 2,698 + 152 cells/mmz, and
was also significantly different compared with that observed
in r-mTBI mice (p < 0.0001, Mann-Whitney test).

Immunohistochemistry of Optic Nerves

To investigate further what could be the source of the
increased cellularity observed in optic nerves after -mTBI, optic
nerves were stained for Iba-1 and GFAP to detect microglia
and astrocytes, respectively. lonized calcium-binding adaptor
molecule 1 stain revealed an increased expression in r-mTBI
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staining for GFAP also demonstrated a marked upregulation
in GFAP expression, indicating astrocytosis (Fig. 11C, D).

DISCUSSION

Subjective visual complaints and visual impairment can
be a relatively frequent consequence of TBI, although good
epidemiologic data are lacking (5, 6, 18-20). Thus, self-
reported visual complaints and symptoms such as blurry vi-
sion and photosensitivity and visual impairment such as visual
acuity loss and visual field defects are reported (21). Pathologic
findings in the optic nerve after moderate to severe TBI have
been well documented and include ischemic necrosis and shear-
ing lesions most often localized near the optic foramen (20).
Another postmortem study found axonal injury of varying se-
verity in all cases and concluded that the severity of injury to
the optic pathways did not always reflect severity of axonal in-
jury elsewhere in the brain (22). Much less is known about
the consequences for the optic nerve and the retina from mild
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FIGURE 10. Average cell density in longitudinal sections of the
optic nerves from mice at 10 weeks after repetitive anesthesia
alone (r-sham) and r-mTBI and from naive mice. Group compari-
sons of average cell density from r-sham and r-mTBI mice and
between naive and r-mTBI mice were significant. **** p < 0.0001.

naive

(either single or repetitive) TBI or the mechanisms of visual
impairment associated with it. Our goal was to investigate
the effects of r-mTBI on the mouse optic nerve and the retina
at 10 to 13 weeks after injury using our recently developed
mouse model of mTBI, which demonstrates neuropathologic
and neurobehavioral changes consistent with those in human
TBI (10, 12).

Retinal Structural Changes

We observed thinning of the inner retina and decreased
cellularity in the RGC layer in mice after -mTBI compared with
mice after repeated anesthesia alone. This was also associated
with a dramatic almost uniform decrease in the number of
Brn-3a—positive RGCs throughout the retina. The observed
decrease in RGC numbers suggests that the thinning of the
inner retina observed by SD-OCT in the present study is most
likely caused by thinning of the RNFL and is likely correlated
with a decrease in optic nerve axons. This hypothesis is sup-
ported by work from Camp et al (23) who found that mice with
a targeted disruption of Brn-3b gene showed a strong cor-
relation between IRT change as measured by SD-OCT and RGC
counts. Similarly, significant RNFL thinning was observed in
mice with spontaneously elevated intraocular pressure (IOP)
and was associated with decreased ERG response (24).

The similarity between IRT reduction across all 4 quad-
rants and 8 sectors in the peripapillary region and the similarity
of the proportion of RGC loss between the center and the pe-
riphery suggest a diffuse neurodegenerative process. Diffuse
RGC loss is well documented after optic nerve transection
in rats (25-28) and partial optic nerve crush in mice (29-31).
Retinal ganglion cell degeneration and subsequent loss were
also demonstrated after optic nerve stretch in guinea pigs (32, 33)

© 2014 American Association of Neuropathologists, Inc.

and mice (34) or after partial optic nerve crush in rats (35, 36).
Thus, despite some recent negative results (37), the majority of
the published studies document RGC degeneration and loss
even without complete disruption of optic nerve fibers.

The amount of RGC loss in our study (~67% at 13 weeks
after injury) corresponds to a level between mild and very
mild direct optic nerve injury in rats as reported by Yoles and
Schwartz (38). In that context, the RGC loss after complete
optic nerve transection is reported to be much faster, that is,
90% of the RGCs died by Day 14 in rats (27) and 85% by Day
21 in mice (15). In future studies, we will pursue the temporal
dynamics of the RGC loss after TBI for better comparison with
RGC loss after direct optic nerve crush or transection.

Retinal Functional Changes Recorded by ERG

Photopic negative response is an ERG component that
originates from the RGCs (39) and was shown to decline after
optic nerve transection and also after IOP elevation in rodents
and monkeys (39-43) and in a mouse model of dominant op-
tic atrophy (44). The shape of the PhNR in our mouse study
was similar to those previously reported in rodent studies
(40, 42, 44). Our results demonstrate a decline in the amplitude
of PhNR under all 4 stimulus conditions at 10 weeks after in-
jury, indicating widespread RGC dysfunction. Under one of
the recorded stimulus conditions (green flash of 30 cd.s/m” on
a white background), the reduction in the PhANR amplitude in
mice after -mTBI compared with the PANR amplitude in mice
after r-sham (76.4%) was similar to the reduction in total number
of RGCs (67.3%). Further studies are warranted to determine
whether this level of correlation between functional and struc-
tural deficits in the mouse retina after r-mTBI holds for other
time points and stimulus conditions.

In general, deterioration of RGC function after optic
nerve trauma is well documented, but there are few analogs
for effects on the PhNR from clinical studies. Notable exam-
ples include a small series report of a substantial (~50%)
decrease in PhNR in 3 cases of unilateral optic neuropathy with
little effect on the photopic a- and b-waves (45). Similarly,
PhNR has demonstrated very good diagnostic sensitivity, being
depressed in 4 of 5 cases after traumatic compression of the
optic nerves, whereas photopic ERG a- and b-waves remained
normal (43). In terms of correspondence between ERG and
structural measures, such as OCT, a good correlation between
the reduction in PhNR amplitude and a decrease in RNFL
thickness was also demonstrated in patients with multiple scle-
rosis (46), supporting the sensitivity of this test to optic nerve/
RGC dysfunction. Because ERG is well suited for an objec-
tive evaluation of retinal function and for estimating the safety
and efficacy of new treatments in clinical and preclinical set-
tings (47), PhNR may be a useful full-field ERG component
to follow the progression of visual function deterioration re-
lated to TBI and efficacy of treatments designed to mitigate its
negative effects.

Optic Nerve Changes

Cellular proliferation in the optic nerve was previously
demonstrated after IOP elevation in rats, and the level of this
proliferation after “mild” injury was larger compared with
the proliferation observed after optic nerve transection (48).
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FIGURE 11. Microglial and astroglial activation in optic nerve after r-mTBI. lonized calcium-binding adaptor molecule 1 immunostain of
longitudinal sections of optic nerves 13 weeks after repetitive anesthesia alone (r-sham) (A) and r-mTBI (B). Blue arrows indicate
activated microglia. Glial fibrillary acidic protein (GFAP) immunostain of longitudinal sections of optic nerves at 13 weeks after r-sham
(€) and r-mTBI (D). There is prominent GFAP immunoreactivity indicating astrocytosis in (D). Original magnification: 400x. Scale

bar =50 pm.

Similar findings of increased cellularity in the optic nerve
accompanied by atrophy, astrogliosis, and fragmentation of
axons were reported in optic nerve atrophy after IOP elevation
in the DBA/2NNia substrain of mice with inherited angle-
closure glaucoma (49).

In addition to cell proliferation, leukocyte infiltration of
the optic nerve after the injury would be likely. Thus, ED1-
positive monocyte/macrophages were prominent throughout
the optic nerve at 8§ and 16 weeks after optic nerve transec-
tion (50). Similarly, T cells showed transiently increased ac-
cumulation up to 3 weeks after optic nerve crush in rats (51).
The presence of monocytes, macrophages, and T cells may
also help protect the retina from secondary degeneration oc-
curring after optic nerve crush (52). It was outside the scope of
the present study to quantify the proportion of cellular prolif-
eration versus cellular infiltration, an area for further studies.

We observed areas containing foamy macrophages and
with an overall appearance of so-called “cavernous degenera-
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tion” in nerves at 13 weeks after -mTBI. This term was ap-
plied to findings in the optic nerve of owl monkeys after acute
experimental glaucoma (53) and has since been used to describe
lesions in rats after locally induced photochemical ischemia of
the optic nerve (31). Similar lesions with foamy macrophages
have been observed in postmortem optic nerve specimens from
humans with ischemic optic neuropathy (54). In view of reports
of similar findings associated with optic nerve trauma and in-
jury, the localized foamy macrophages and demyelination ob-
served in the present study were not unexpected. Regional
demyelination was observed after induction of inflammation
in the optic nerve by immunization with myelin proteolipid
protein peptide (55) or after optic nerve crush (56) or associ-
ated with anterior ischemic optic neuropathy (56) in the mouse.
Localized demyelination was also observed after an optic nerve
stretch in the guinea pig (57-59). To the best of our knowledge,
this is the first report of this type of lesion in optic nerves after
r-mTBI in the mouse.
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We demonstrated increased immunoreactivity for mi-
croglia and astrocytes in the optic nerve at 10 to 13 weeks after
TBI. Microglia and/or macrophage activation was previously
identified in the injured optic nerves 1 to 4 weeks after optic
nerve stretch injury in mice (37).

Comparison With Findings in Other
Models of TBI

A wide variety of different preclinical models are cur-
rently used for studying the effects of different forms of TBI,
which in rodents include controlled cortical impact models
(60), frontal impact closed-head injury (61), and blast injury
(62), each with their own characteristics (63), but neuroin-
flammation is a consistent feature (64, 65).

Many authors agree that a prominent feature in most
TBI models is the finding of diffuse axonal injury (66—70).
Diffuse axonal injury is characterized by impaired axoplasmic
transport, continued axonal swelling, ultimate disconnection of
the axons, and swelling and ischemia in parts of the brain
(67, 71). In our model, the presence of diffuse axonal injury was
supported by increased amyloid precursor protein and GFAP
and IBA-1 immunoreactivity in the corpus callosum and in
other regions of the brain acutely (up to 10 days) after -mTBI
in normal young mice (10). Studies from our group focused on
the chronic effects of neurotrauma and, to that end, we have
characterized neuropathologic changes in our mouse model of
mTBI through to a 12-month time point and show progressive
neuroinflammation in repetitively versus singly injured mice
(12). We have now extended our characterization of this mTBI
model to include the visual consequences of TBI and have
demonstrated significant consequences to the visual system that
likely recapitulate the human condition.

Because the optic nerve is considered to be part of the
white matter of the brain, it is logical to assume that diffuse
axonal injury would negatively affect its structure and function
after TBI. However, very few studies have explored this hypoth-
esis (9), and there are no reports available after -mTBI. We found
histologic abnormalities in the eye and optic nerve at 10 and 13
weeks after -mTBI in normal mice. To the best of our knowl-
edge, this is the first observation of specific deleterious effects
on the visual system after closed-head r-mTBI in the mouse,
demonstrating neuronal cell loss in the RGC layer, thinning of
the inner retina, decreased full-field ERG PhNR, regional myelin
loss, and signs of cavernous degeneration in the optic nerve.

Some similarities exist between the findings described
in the present study and the ones described by Mohan et al
(9) in a mouse model of single-blast TBI. For example, a de-
crease in RNFL thickness and reduced cellularity in the RGC
layer were noted in both studies at 3 months after injury. At the
same time point, some aspects of retinal function reflecting
RGC activity (pattern ERG amplitude after blast injury and
PhNR amplitude after repetitive blunt injury) were suppressed.
Furthermore, structural damage to the optic nerve was found
in both instances. Thus, despite the difference in methods and
equipment used, both studies confirmed the presence of optic
nerve injury and degeneration of the inner retina at 3 to 4 months
after TBI. Therefore, visual system dysfunction is likely com-
mon after blast and repeated blunt mTBI.

© 2014 American Association of Neuropathologists, Inc.

Nonetheless, some differences should be noted between
the 2 studies. Most importantly, the nature of the insult was quite
different, that is, a single blast versus repetitive blunt trauma.
Direct comparative studies between the 2 types of injury are
presently lacking, but it can be noted that the repeated mTBI
led to more profound and widespread damage to the RNFL (as
suggested by SD-OCT findings) compared with results from the
single-blast injury. The reason for that and the implied more se-
vere degeneration in the optic nerve after repeated TBI could be
the relatively close timing between each of the repeated mTBI
(48 hours). This interval was chosen to administer second and
subsequent impacts within a window of “brain recovery” (72)
and which may also be an insufficient period for the optic nerve
edema to subside after the previous injury. Indeed, in another
study of central fluid percussion injury in mice, Wang et al
(37) showed that swelling of the optic nerve was still present
at 48 hours after injury. However, these authors did not find any
RGC loss up to 28 days after injury. The reason for this dis-
crepancy may be related to 2 key differences in the experimental
approaches (i.e. [37] vs the present study). The first is the dif-
ference between single injury versus repeated injury; the second
is the analysis at 28 days versus 91 days after injury in the
present study. It is worth pointing out that the location of early
microglial activation in the optic nerve at 48 hours after a single
central fluid percussion injury is similar to the location of the lesions
in the present study after -mTBI (Figure 9A in [37] and Figure,
Supplemental Digital Content 2, http://links.Iww.com/NEN/A569
in the present study), which underscores the similarities in the
mechanism involved. Thus, it can be hypothesized that subse-
quent TBIs could have a cumulative damaging effect on the optic
nerve, spreading the degeneration to the RGC layer.

Significance and Future Directions

The findings of this study underscore the importance
of comprehensive evaluation of visual function after mTBI.
Together with emerging clinical observations, they emphasize
the possibility of a profound and lasting visual dysfunction,
particularly after repetitive mild injury, occurring in relatively
short intervals. This has considerable implications and rele-
vance to civilian, sport-related, and deployment-related mTBI,
where repeated mTBI can occur in a short span of time.

Ongoing studies continue the characterization of the
model to further advance our understanding of the visual con-
sequences of mTBI, with a particular focus on the differences
between single and repetitive injuries. Use of noninvasive
techniques such as SD-OCT and ERG may allow an objective
evaluation of the visual function and structure after TBI and
can have a direct application in the clinic.
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