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Purrosk. In a mouse model of blast-mediated traumatic brain injury (bTBI), interleukin-
1 (IL-1)-pathway components were tested as potential therapeutic targets for bTBI-
mediated retinal ganglion cell (RGC) dysfunction. Sex was also evaluated as a variable
for RGC outcomes post-bTBI.

MEerHops. Male and female mice with null mutations in genes encoding IL-1¢, IL-18, or
IL-1RI were compared to C57BL/6J wild-type (WT) mice after exposure to three 20-psi
blast waves given at an interblast interval of 1 hour or to mice receiving sham injury. To
determine if genetic blockade of IL-1«¢, IL-18, or IL-1RI could prevent damage to RGCs,
the function and structure of these cells were evaluated by pattern electroretinogram
and optical coherence tomography, respectively, 5 weeks following blast or sham expo-
sure. RGC survival was also quantitatively assessed via immunohistochemical staining of
BRN3A at the completion of the study.

Resurts. Our results showed that male and female WT mice had a similar response to
blast-induced retinal injury. Generally, constitutive deletion of IL-1c, IL-18, or IL-1RI did
not provide full protection from the effects of bTBI on visual outcomes; however, injured
WT mice had significantly worse visual outcomes compared to the injured genetic knock-
out mice.

Concrusions. Sex does not affect RGC outcomes after bTBI. The genetic studies suggest
that deletion of these IL-1 pathway components confers some protection, but global
deletion from birth did not result in a complete rescue.
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Traumatic brain injury (TBID) is a complex injury that
simultaneously damages multiple tissue types and can
present both acutely or chronically following injury. TBI
survivors suffer from physical and emotional sequelae, with
permanent cognitive and sensory deficits.!'> Damage to the
central nervous system (CNS) is often accompanied by visual
disturbances, which are among the most common physical
symptoms following a TBL.3~¢

Blast-mediated TBI (bTBI) is a pervasive problem for
military personnel, as over 400,000 U.S. service members
have had at least one TBI within the last 20 years.” These
effects have immediate consequences during active duty, as
well as lingering chronic pathologies. After a bTBI, the link
between cranial and ocular trauma is particularly strong,?
causing long-term visual dysfunction, including light
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sensitivity, retinopathy, optic neuropathy, dysfunctional
optic motility, disorders of refraction and accommodation,
and visual field loss.®-!!

In the brain, TBI activates signaling cascades that can
elicit robust neuroinflammation and trigger progressive
neuronal dysfunction, neuronal death, and tissue destruc-
tion.!? TBI-induced neuroinflammatory signals include
the interleukin-1 (IL-1) cytokine family, with IL-lo¢ and
IL-18 being the major pathway components that are
rapidly upregulated in the TBI brain.'>'* Both IL-1a and
IL-18 signal through a common receptor, IL-1RI, and
can contribute to CNS repair or secondary injury. Never-
theless, overwhelming evidence indicates that, after a
TBI, neuronal damage is worsened by uncontrolled IL-1
signaling.!>15

@0l

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. BY _NC_ND


mailto:alexander-bassuk@uiowa.edu
mailto:matthew-harper@uiowa.edu
https://doi.org/10.1167/iovs.61.12.7
http://creativecommons.org/licenses/by-nc-nd/4.0/

Investigative Ophthalmology & Visual Science

Effect of Sex and IL-1 in Post-TBI Visual Outcomes

The CNS, including the retina, is normally an immuno-
privileged site that is sheltered from damaging systemic
inflammatory responses.’® Upon injury, resident surveil-
lance cells (such as microglia and macroglia) are activated,
resulting in a neuroinflammatory response that can lead to
permanent tissue damage. Additionally, disruption of the
blood-brain and blood-retina barrier can allow peripheral
immune cells to invade and contribute further to this inflam-
matory response.!” The increase in retinal inflammation
after bTBI is documented in animal studies; nevertheless,
how inflammation causes retinal pathogenesis is not well
defined.'8-2°

In murine bTBI models, many groups (including ours)
have found long-term deficits and cell death; most studies
have focused particularly on the dysfunction and loss of
retinal ganglion cell (RGCs).'®-2* RGC damage can perma-
nently impair vision, resulting in major quality-of-life conse-
quences; yet, the mechanisms responsible for bTBI-induced
RGC dysfunction are not well understood. In recent exper-
iments, the IL-1 pathway was pharmacologically blocked
after bTBI to test whether acutely modulating this inflam-
matory IL-1 signaling might prevent subsequent neuronal
deficits.'® When the IL-1RI antagonist anakinra was used
to block the acute inflammatory responses after bTBI,
microglia and Miiller glia activation was reduced. Addi-
tionally, anakinra reduced retinal neuroinflammation, which
preserved optic nerve integrity, RGC function, and RGC
layer thickness.! Still, this pharmacologic intervention did
not provide complete protection, leaving unanswered ques-
tions concerning the efficacy of anakinra, the particular IL-1
molecules driving the visual pathology, and how to more
effectively target the neuroinflammation that drives retinal
damage after bTBI.

Hormonal differences between males and females might
be expected to cause sex-specific responses to bTBI;
however, there is currently no consensus as to whether sex
acts as a biological variable in CNS injury pathogenesis.?®
The studies described here found that sex did not have a
significant effect on the visual outcomes analyzed: survival
of RGCs, RGC complex layer thickness, and RGC func-
tion. To determine whether deleting IL-1 pathway compo-
nents protected the retina from bTBI-induced damage, visual
outcomes were compared in wild-type (WT) versus mice
with null mutations in genes encoding IL-1«, IL-18, or IL-1RI.
The complete deletion of IL-1 pathway components enabled
this complementary study to parallel and compare the
acute pharmacologic blockade of IL-1RI that was recently
reported.?

MATERIALS AND 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 Univer-
sity of Iowa and Iowa City VA Health Care System Institu-
tional Animal Care and Use Commiittee. IL-1¢-, IL-18-, or IL-
1RI-deficient male and female mice (IL-lo”~, IL-187, and
IL-1RI™7") backcrossed on a C57BL/6] genetic background
were used; generation of these mice was previously
described.?®?” WT C57BL/6] male and female mice were
purchased from The Jackson Laboratory (Bar Harbor, ME,
USA) as controls. A total of 288 mice were used for this
study, all 2 to 4 months of age (Supplementary Table S1).

IOVS | October 2020 | Vol. 61 | No. 12 | Article 7 | 2

Mice were housed under a 12-hour, light/dark cycle with ad
libitum access to food and water.

Blast Injury Induction

An enclosed blast chamber was used, one half of which
was pressurized, as previously described.?! A plastic Mylar
membrane (Mylar A, 0.00142 gauge; Country Plastics, Ames,
IA, USA) was placed over a 13-cm opening separating
the sides of the chamber. The unpressurized side of the
tank contained a padded polyvinyl chloride (PVC) protec-
tive restraint in which an anesthetized mouse was placed.
Compressed air was pumped into the pressurized side of the
chamber until the membrane ruptured at 20 & 0.2 psi (mean
+ SEM, 137.8 & 1.3 kPa), creating a blast wave with a dura-
tion of 10 to 15 ms. As many veterans are repeatedly exposed
to blast forces, we administered three injuries to each mouse
to mimic human injuries.?®-3! Mice were oriented within the
chamber with the left side of the head positioned toward
the blast wave (direct exposure) and the right side facing
away from the direction of the blast wave (indirect expo-
sure); they were then exposed to three blast injuries, each
1 hour apart. The mouse’s body was shielded via the PVC
restraint to limit blast wave pressure exposure primarily to
the head; the head was allowed to move freely and was
not in a fixed position. All analysis was conducted on the
left (ipsilateral) side that was directly exposed to the blast
wave, as we could not discount potential interaction between
the contralateral eye and the padded holder or potential
confounding, rebounding blast waves from the surface of the
animal holder. Mice were anesthetized with a combination
of ketamine (Ketalar, 30 mg/kg, intraperitoneally [IP]; Pfizer,
Tadworth, UK) and xylazine (AnaSed Injection, 5 mg/kg, IP;
Akorn, Inc., Lake Forest, IL, USA) before each blast or sham
blast. They were then placed on a heating pad immediately
following the blast injury to prevent hypothermia and to
facilitate recovery from general anesthesia. Xylazine anes-
thesia was reversed with yohimbine chloride (1 mg/kg, IP;
Diamondback Drugs, Scottsdale, AZ, USA) to aid in recov-
ery from anesthesia. Control mice underwent an identical
process in all respects except that they did not receive a
blast exposure when placed in the chamber. Both blasted
and sham mice were given an IP injection (100 mL/20 kg
body weight) of buprenorphine (0.003 mg/mL) immediately
after the blast or sham blast, respectively.

BRN3A Immunohistochemistry Staining

We followed a well-established protocol to identify RGCs via
BRN3A immunohistochemistry, as previously described.??
After euthanasia, mice were transcardially perfused with
0.01-M PBS followed by 4% paraformaldehyde in 0.01-M
PBS. Ipsilateral whole eyes were enucleated and posterior
cups were dissected and fixed for 4 hours at 4°C. Poste-
rior cups were incubated overnight in a 0.3% Triton X-100
solution in phosphate-buffered saline (PBST) at 37°C on an
agitator. Retinas were dissected and bleached in 3% hydro-
gen peroxide solution in 1% monobasic sodium phosphate
for 3 hours at room temperature. Retinas were permeabi-
lized by freezing the retinas in -80°C for 15 minutes and
then blocked in 2% normal donkey serum in PBST overnight
on an agitator at 4°C. RGCs were labeled using anti-
BRN3A (1:200; sc-8429; Santa Cruz Biotechnology, Dallas,
TX, USA) in 2% normal donkey serum, 1% Triton X-100,
and 1% dimethyl sulfoxide for two nights on the agitator at
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4°C, followed by a secondary antibody (1:200; Alexa Fluor
488 Donkey anti-Goat; Thermo Fisher Scientific, Waltham,
MA, USA) for 4 hours at room temperature on an agitator
and light protected with aluminum foil covering. Retinas
then were counterstained with TO-PRO-3 Iodide (1:1000;
Molecular Probes, Eugene, OR, USA) for 20 minutes at room
temperature on an agitator, transferred to glass microscopy
slides (plus/plus charged), and flat mounted using ProLong
Diamond Antifade Mountant (Thermo Fisher Scientific),
and coverslipped. Slides were left at room temperature for
24 hours in a dark box, then moved to 4°C until imaging.

BRN3A Imaging Methods

BRN3A-stained, flat-mounted retinas were imaged within
2 weeks of staining by confocal microscopy (Zeiss LSM
710; Carl Zeiss Microscopy, White Plains, NY, USA). Each
retina had 12 confocal images (1024 x 1024 pixels,
0.18-mm? image area) taken from non-overlapping fields of
three zones of eccentricity (four central, four midcentral,
four peripheral), with Z-stacks of three to five images for
each image.

Quantification of BRN3A Immunohistochemistry
Staining

Images of BRN3A-labeled nuclei were processed in Image]
(National Institutes of Health, Bethesda, MD, USA), by Z
projecting at maximum intensity and compressing the file
size. The 12 images were concatenated, and the TO-PRO-
3 channel was deleted to create a stack of BRN3A stained
nuclei. The Subtract Background tool was used with the
rolling ball radius set to 35 pixels, followed by the Smooth
tool. Stacks were then converted to binary using Huang dark
thresholding. Binary stacks were processed using the Open,
Watershed, and Fill Holes functions. The Analyze Particles
function was applied to the BRN3A images with particle size
set to 20 to 150 pm? and circularity 0 to 1. All quantification
was conducted by a masked observer.

Pattern-Evoked Electroretinography

Pattern-evoked electroretinography (PERG) was used to
objectively measure the function of RGCs before and after
injury. Neutral-position PERG responses were evoked with
alternating, reversing, and black and white vertical stimuli
using a commercially available instrument (Jorvec Corp.,
Miami, FL, USA). Mice were anesthetized with a combina-
tion of ketamine (50-60 mg/kg, IP), xylazine (8-10 mg/kg,
IP), and acepromazine (4-5 mg/kg, IP) and then placed
on a heated recording table to maintain body temperature.
Commercially available stainless steel subdermal electrodes
(Ambu, Ballerup, Denmark) were placed in the snout as a
recording electrode, medially at the base of the head as a
reference electrode, and at the base of the tail as a ground
electrode. Each animal was placed at the same fixed posi-
tion in front of the monitor to prevent recording variability
due to animal placement, with each eye positioned 10 cm
from the monitors. The parameters used for recordings were
18° radius visual angle subtended on a full-field pattern,
bars 1.5 cm high x 14 cm wide, two reversals per second,
98% contrast, 80 cd/m? average monitor illumination inten-
sity using luminance-matched pattern reversals to exclude
outer retinal contributions, and 372 averaged signals with
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cutoff filter frequencies of 1 to 30 Hz. Stimuli were deliv-
ered under mesopic conditions without dark adaptation to
exclude the possible effect of direct photoreceptor-derived
evoked responses. A diffuser placed over the pattern on the
monitor also did not elicit a measurable evoked potential,
further ensuring that the electrical responses were elicited
from RGCs. PERG response was evaluated by measuring
the amplitude (peak to trough) of the waveform in the eye
ipsilateral to the blast wave, as we have described previ-
ously.?!3% Exclusions were made for mice that were breath-
ing too heavily or if their temperature dropped during
acquisition, which was monitored constantly throughout the
experiment. Changes in each of these parameters can cause
interference in signal acquisition. Exclusion criteria were
decided on prior to data acquisition for an individual mouse.

Spectral-Domain Optical Coherence Tomography

Optical coherence tomography (OCT) analysis was
performed at pre-injury baseline and 5 weeks post-injury
using a Spectralis spectral-domain OCT imaging system
(Heidelberg Engineering, Heidelberg, Germany) and a
25-dipoter (D) lens for mouse ocular imaging (Heidelberg
Engineering). Mice were anesthetized with a combination
of ketamine (30 mg/kg, IP) and xylazine (5 mg/kg, IP)
and placed on a heating pad to maintain body tempera-
ture. Pupils were dilated using a 1% tropicamide solution
(Sandoz, Princeton, NJ, USA), and the cornea was moistur-
ized with a balanced saline solution. After the recording, the
cornea was moisturized with 0.3% hypromellose (GenTeal
Tears, Alcon, Fort Worth, TX, USA). Volume scans (with a
pattern size of 20° x 25° and 61 B-lines) were positioned
directly over the optic nerve head to quantify the RGC
complex thickness, which includes RGC bodies, axons, and
dendrites. Scans in the superior retina were analyzed by a
masked observer, excluding blood vessels from the RGC
complex thickness calculation.

Experimental Design and Statistical Analysis

Supplementary Table S1 provides information regarding all
mice utilized in this study. The overall experimental design
of the study is depicted in Figure 1. For each analysis, a two-
way ANOVA with interaction was conducted, followed by a
Tukey’s honestly significant difference (HSD) test for all pair-
wise comparisons. Diagnostics to assess assumptions were
performed for each model (QQ plots of residuals, Shapiro-
Wilks test of residuals, plots of residuals versus fitted values,
and Levene’s test, as appropriate).

To investigate whether sex affected each metric, we
constructed a WT-only model with factors of sex (male
versus female), treatment (blast versus sham), and an inter-
action between sex and treatment. If no significant sex
or sex-by-treatment effect was found in WT mice, then
subsequent models were constructed without sex. Next,
models were constructed to assess genotype protection
from blast injury. For the OCT, the modeled outcome
of interest was the change from pretreatment to post-
treatment for each mouse. For BRN3A and PERG, the
modeled outcome of interest was posttreatment. Addi-
tionally, pretreatment models were constructed for OCT
and PERG. A natural logarithm transformation, which is
commonly used to normalize right-skewed outcomes in
regression, was required for the pretreatment PERG in
order to meet model assumptions. In each model, factors
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Histology: BRN3A

Experimental design. OCT and PERG were conducted before injury (bTBI or sham) as a baseline and 5 weeks post-injury, followed

by tissue collection for histological analysis to quantitate BRN3A™ retinal ganglion cells. Studies were conducted in both male and female

mice.

were genotype (WT versus IL-1a”~ versus IL-187 versus
IL-1RI7"), treatment (blast versus sham), and interaction
between genotype and treatment. F-tests were conducted for
overall sex, treatment, and interaction effects, and Tukey’s
HSD was then employed to make inference on all pairwise
comparisons. A value of P < 0.05 was considered significant.
All of the statistical data were presented as mean £ SEM, and
analyses were performed in R (R Foundation for Statistical
Computing, Vienna, Austria).

REsuULTS

Sex Does Not Have an Effect on Visual Outcomes
After bTBI

5 weeks after repeated bTBI, we analyzed three differ-
ent visual outcomes in sham- and blast-exposed mice.
First, immunohistochemical labeling of BRN3A (a protein
expressed in the majority of RGCs)>*3> enabled us to deter-
mine the total number of RGCs surviving in the retina after
injury. Second, OCT measured the in vivo thickness of the
RGC complex layer, which is made up of RGC cell bodies,
axons, and dendrites, providing information about the struc-
tural integrity of this retinal layer. Third, PERG evaluated the
signaling function of RGCs in vivo.

This analysis addressed the unanswered question of
whether bTBI has a different effect on male versus female
visual systems in WT mice.>*3 Unsurprisingly, the blast
injury significantly affected all three outcomes measured:
the number of BRN3A"™ RGCs (P < 0.0001; F = 66.12;
df =1, 41) (Fig. 2A), the thickness of the RGC complex layer
(P < 0.0001; F = 78.57; df = 1, 62) (Fig. 2B), and RGC func-
tion (P < 0.0001; F = 66.59; df = 1, 70) (Fig. 2C). Moreover,
sex did not have an effect on any outcomes for WT mice as
determined by two-way ANOVA with Tukey’s HSD posttest
(Fig. 2; Supplementary Tables S2-S4 contain P values for
group comparisons). Specifically, both sexes contained simi-
lar numbers of BRN3A™ cells (P = 0.1089; F = 2.69; df = 1,
41) (Fig. 2A), and exposure to sham or blast forces caused
similar responses in BRN3A™ RGCs in WT mice regardless
of sex (P = 0.9594 and P = 0.26006, respectively). Similarly,
sex had no effect on the blast-induced thinning of the RGC
complex layer (P = 0.8977; F = 0.017; df = 1, 62) (Fig. 2B),
with a non-significant difference between male and female
groups in WT sham and WT blast mice (P = 0.9986 and
P = 0.8768, respectively). Sex did not influence blast-

induced changes in PERG amplitude (P = 0.2558;
F =1.31; df = 1, 70) (Fig. 20C), with a non-significant differ-
ence between male and female groups in WT sham and
WT blast mice (P = 0.9878 and P = 0.9182, respectively).
Finally, there was no significant sex by treatment effect
on any outcome: BRN3AT RGCs (P = 0.4096; F = 0.69;
df =1, 41) (Fig. 2A), change in RGC complex layer thickness
via OCT analysis (P = 0.52; F = 0.42; df = 1, 62) (Fig. 2B),
and RGC function via PERG analysis (P = 0.8618; F = 0.031;
df = 1, 70) (Fig. 2C). Because we determined that the sex
of the mice does not affect the visual outcomes we were
measuring, male and female mice were pooled for the rest
of our analyses; WT groups in Figures 3 through 5 are pooled
male and female groups from Figure 2.

RGC Quantification Via BRN3A
Immunohistochemistry

BRN3A immunohistochemistry allowed for a quantitative
analysis of the number of RGCs in the retinas of WT, IL-1a™",
IL-187/-, and IL-1RI”~ mice, so we determined the density of
RGCs 5 weeks after exposure to either sham or blast injury
(Fig. 3; Supplementary Table S5). For IL-18~~ knockout (KO)
mice, blast and sham groups had similar numbers of RGCs
(P = 0.2985), suggesting that in the absence of IL-18 RGCs
are protected from blast injury. In contrast, IL-1a~ and IL-
1RI”~ mice appeared to be more injured by the blasts, as
the WT, [L-1a™~, and IL-1RI”~ blast groups had significantly
fewer RGCs than the sham groups (P < 0.0001, P = 0.0008,
P < 0.0001, respectively). Still, the IL-la/~ and IL-187/~
mice appeared to have partial protection, as the WT mice
had significantly fewer BRN3A™ RGCs than the KO counter-
parts (P = 0.0080 and P < 0.0001, respectively). In addition,
WT blast mice had the largest percent decrease in BRN3A™
RGCs (39.96%); however, for IL-1a~, IL-187-, and IL-1RI”~
mice, the percent changes between sham and blast groups
were —21.97%, -11.10%, and —29.30%, respectively (Table 1),
further suggesting that in the absence of these IL-1 proteins
the RGCs were partially protected.

Blast-Induced RGC Injury After Repeated bTBI

Before blast exposure, the baseline thickness of the RGC
complex layer of ipsilateral eyes was similar for sham
and blast mice within the WT, IL-la”~, IL-187~, and IL-
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Ficure 2. Sex did not have an effect on visual outcomes after
repeated blast exposure in male and female WT mice at 5 weeks
post-injury. There was no sex effect detected between sham groups
or blast groups when comparing (A) number of BRN3A+ RGCs
(P = 0.1089; n = 9-14), (B) change in RGC complex layer thick-
ness via OCT analysis (P = 0.8977; n = 15-18), or (C) RGC func-
tion via PERG analysis (P = 0.2558; n = 15-22). Blast treatment
was determined to have a significant effect on all three outcomes
(P < 0.0001). P values for group comparisons can be found in
Supplementary Tables S2 to S4. All data are from ipsilateral retinas
and are expressed as mean £ SEM; significance was determined by
two-way ANOVA with interaction effect followed by Tukey’s HSD
posttest of all pairwise comparisons of means.
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TasLe 1. Mean + SEM and Percent Difference from Sham of Total
Number of BRN3A-Positive RGCs for Each Group

Group Mean + SEM Percent Change from Sham
WT sham 2713 + 51

WT blast 1629 + 112 -39.96%

IL-1a/~ sham 2731 + 95

IL-1a/~ blast 2131 + 123 -21.97%

IL-187~ sham 3037 + 106

IL-187/~ blast 2700 + 104 -11.10%

IL-1RI”~ sham 2597 £ 55

IL-1RI™~ blast 1836 + 115 -29.30%

1RI7~ groups (P = 0.9999, P = 1.0000, P = 1.0000, and
P = 1.0000, respectively) (Fig. 4C; Supplementary Table
S6). At 5 weeks post-blast injury, all genotypes showed
RGC complex layers that were thinner than their sham
counterparts (WT, IL-la”~, IL-187-, and IL-1RI7~ at
P < 0.0001, P < 0.0001, P =0.0107, and P < 0.0001, respec-
tively) (Fig. 4D; Supplementary Table S7). However, when
comparing blast-exposed WT to blast-exposed IL-la™~ or
IL-187~ mice, genetic KO mice had significantly thicker RGC
complex layers than WT (P = 0.0410 and P < 0.0011, respec-
tively) (Supplementary Table S7). This suggests that IL-1a™~
and IL-187~ mice are partially protected from RGC complex
layer loss, mirroring the trend we detected by BRN3A™ RGC
quantification (Fig. 3B). Also similar to the findings with
the RGC quantification, WT mice exposed to blast showed
the most thinning in their RGC complex layer (-11.24%),
whereas, compared to sham treatment, blast-exposed IL-
la™", IL-187~, and IL-1RI”~ mice showed less RGC thinning
G.e., -6.71%, —4.47%, and -7.43%, respectively) (Table 2).

The functional signaling capacity of RGCs is reflected by
PERG amplitudes. In our mice, the pre-injury baseline, peak-
to-trough amplitudes for the ipsilateral eyes were not signif-
icantly different between sham and blast mice within the
WT, IL-1a~/~, IL-18~/~, and IL-1RT™/~ groups (P = 0.6305,
P = 1.0000, P = 0.9778, and P = 0.9997, respectively)
(Fig. 5A; Supplementary Table S8). However, 5 weeks post-
injury, the blast-treated mice in all groups showed a signif-
icant decrease in their PERG amplitudes when compared
to sham, indicative of RGC signaling deficits (P < 0.0001,
P = 0.0239, P = 0.0024, and P = 0.0089, respectively)
(Fig. 5B; Supplementary Table S9). Interestingly, when
comparing the WT blast group to the KO blast groups, the IL-
1™~ and IL-1R”~ mice had significantly higher PERG ampli-
tudes (P < 0.0001 and P = 0.0037, respectively), whereas
the IL-187~ blast group was not significantly different
(P = 0.0548), suggesting that removal of the IL-le and
IL-1RI molecules could confer some protection for RGC
signaling within the retina after blast injury. Among the
groups analyzed, WT mice exposed to bTBI had the
largest decrease in number of RGCs and had the thinnest
RGC complex layer as compared to their sham counter-
parts; similarly, they showed the most dampened RGC
signaling, at —-47.42%. Comparatively, RGC signaling in the
IL-1a~, IL-187~, and IL-1RI”~ blast groups was less affected
compared to sham cohorts, at —20.06%, -26.55%, and
—24.25%, respectively (Table 3).

DiscussioN

The majority of previous studies in the literature were
conducted with male animals, but sex might affect neuroin-
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Ficure 3. Retinal ganglion cell quantification 5 weeks after repeated blast exposure. BRN3A1 RGCs in retinal whole-mounts exposed to
sham or blast injury. (A) Representative images of WT retinas taken in central, mid-central, and peripheral locations. (B) Retinas from WT
sham animals had significantly more RGCs when compared to WT blast animals (P < 0.0001). Within genotypes, the IL-1¢™~ and IL-1RI”/~
blast mice had significantly fewer RGCs than the sham counterparts (P = 0.0008 and P < 0.0001, respectively). However, the IL-18~/~ blast
group was not significantly different from the sham group, suggesting partial protection from RGC loss (P = 0.2985). When compared to
the WT blast group, the IL-1o™/~ and IL-187" blast groups had significantly more BRN3AT RGCs (P = 0.0080 and P < 0.0001, respectively),
suggesting protection from blast injury. Significance was determined by two-way ANOVA with interaction effect followed by Tukey’s HSD
posttest testing all pairwise comparisons of means. * indicates significant difference within genotypes; # indicates significant difference
compared to the WT blast group. Data are expressed as mean + SEM; n = 18-26. Original magnification, 25x; en face view with the RGC
layer facing up. Scale bar: 100 pm.

TaBLe 2. Mean £ SEM for the Change in Measurements from Baseline, Pre-Injury Measurements, and Post-Injury Measurements for RGC
Complex Layer Thickness

Mean + SEM (um)

Change from Baseline Pre-Injury Post-Injury Percent Change from Sham
WT sham 1.00 + 0.43 71.34 + 0.36 72.34 + 0.32
WT blast -7.35 + 0.85 71.56 + 0.39 64.21 + 0.96 -11.24%
IL-1a/~ sham 0.52 + 0.33 74.69 + 0.45 75.21 + 0.43
IL-1a/~ blast -4.54 + 0.97 74.7 + 0.46 70.16 + 0.92 -6.71%
IL-187~ sham -0.23 + 0.42 74.28 + 0.42 74.04 + 0.34
IL-187~ blast -3.50 + 0.83 74.23 + 0.35 70.73 + 0.96 —4.47%
IL-1RI”~ sham 0.06 + 0.36 73.55 £ 0.37 73.6 + 0.31
IL-1RI7~ blast -5.51 & 0.63 73.64 + 0.43 68.13 £ 0.59 —7.43%

Percent difference from sham was calculated from post-injury values.

flammatory injury and repair mechanisms after TBI CNS anatomy, cellular pathways, and drug responses can
Although more recent studies have begun using both male be affected by sex,’*~3® but the specific parameters being
and female mice, some studies report that females fare better analyzed could additionally produce different conclusions,
than males, and vice versa, while still others have found depending on the effect of sex hormones. Indeed, sex-
no difference between the sexes or had unclear results.” specific responses to the injury, the reparative processes that
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TaBLE 3. Mean £ SEM for Pre-Injury Baseline and Post-Injury Measurements of PERG Amplitudes Reflective of RGC Signaling

Mean + SEM (uV)

Pre-Injury Post-Injury Percent Change from Sham
WT sham 23.03 + 0.79 20.94 £+ 1.06
WT blast 21.14 + 0.61 11.01 + 0.67 —47.42%
IL-1a/~ sham 25.49 + 0.96 24.33 + 1.11
IL-1a™/~ blast 25.42 + 0.95 19.45 + 1.2 —20.06%
IL-187/~ sham 20.22 + 0.79 20.53 + 0.90
IL-187/~ blast 21.08 + 0.75 15.08 £+ 1.09 -26.55%
IL-1RI7~ sham 24.29 £ 0.79 21.32 + 0.93
IL-1RI7~ blast 23.74 + 0.74 16.15 £+ 1.00 —24.25%

Percent difference from sham was calculated from post-injury values.

occur later, and responses to therapeutic interventions could
result in distinctly different patterns of neuroprotection or
neurodegeneration.

Here, we found that sex had no effect on visual outcomes
after bTBI. WT sham versus blast changes were similar in
male and female cohorts. This lack of a sex-specific differ-
ence in injury response is an important and novel finding
that can direct future study design. Nevertheless, this conclu-
sion can only be made for the specific parameters analyzed
in this study, and the biologic variable of sex still has to be
explored further to determine its overall role in bTBI patho-
genesis. Of note, the estrus phase of the female mice was not
monitored throughout the course of the experiments, which
means that cyclic hormonal changes could be a potential
limitation of the study design.

Generally, constitutively deleting the genes encoding
IL-1¢, IL-18, or IL-1RI did not fully rescue the RGC damage
seen in blast-injured mice within genotypes. The excep-
tion was with the deletion of IL-18, which increased the
number of surviving RGC cells after blast (Fig. 3B). This
is in contrast to the effect of IL-1RI pharmacological block
with anakinra, which prevents both IL-1¢ and IL-18 cytokine
signaling and protects mice from blast injury.’” Neverthe-
less, the percent change between sham and blast groups in
the number of surviving RGCs, RGC complex layer thick-
ness, and RGC signaling was smaller for all three KO groups
when compared to WT, suggesting that partial protection
might be conferred by removal of these IL-1 pathway compo-
nents and that these molecules may play a role in post-bTBI
injury pathogenesis (Tables 1-3). When comparing the blast
cohorts, some KOs demonstrated significantly less damage
than the WT mice, again suggesting that the loss of these
molecules may provide partial protection from retinal injury
after bTBI. When compared to the WT blast group, the
IL-1a”~ and IL-187~ blast groups had significantly more
surviving RGCs (Fig. 3B) and a significantly thicker RGC
complex layer (Fig. 4D), suggesting enhanced structural
preservation of this retinal layer. Interestingly, compared
to the WT blast group, the IL-la”~ and IL-1RI”7~ blast
groups had significantly preserved RGC signaling (Fig. 5B).
Although this observation might suggest that impaired IL-
1 signaling tends to partially protect from bTBI damage,
these data should be interpreted with caution because,
prior to injury, the blast cohorts showed significant differ-
ences in OCT and PERG measurements, which could be a
confounding factor when making comparisons across geno-
types (Supplementary Tables S6 and S8).

We had hypothesized that genetically impairing IL-1RI
signaling would protect mice similarly to the pharmacologic

blockade of IL-1RI via anakinra, but this was not the finding
of this study. The lack of a strong rescue with the genetic
deletion of these genes could have several explanations. It
is possible the constitutive knockouts may not rescue visual
outcomes because they are compensated for during devel-
opment, or perhaps deletion from birth differs from acute
blockade. Because inflammation is a complex and redun-
dant process wherein many molecules provide overlapping
functions to create an equilibrium between destructive and
reparative processes, it is possible that other inflammatory
modulators might have been upregulated early on to offset
impaired IL-1 signaling. Innate immune signaling through
other IL-1 family molecules (IL-18, IL-33, IL-36, IL-37, and
IL-38) or through other pathways such as TNFa or
IL-6 could be altered in these mice. Alternatively, as inflam-
mation is known to have a dichotomous effect, it is possible
that IL-1 pathway molecules are also a part of an important
reparative process specific to bTBI, and complete blockade
could actually hinder retinal recovery after blast injury.

Finally, the previously published effects of treatment
with anakinra may be due (or due in part) to off-target
effects unrelated to the IL-1RI, a potential problem for
any pharmacologic intervention. To address these ques-
tions, future studies will include the use of inducible IL-
1RI knockout lines, allowing us to delete IL-1 pathway
components after development is completed. If the mech-
anism of visual protection truly functions through IL-1RI
but is compensated for during development in constitu-
tive IL-1RI KOs, then temporally blocking ILIRI around
the time of bTBI might rescue visual deficits seen after
blast. In addition, potential off-target effects of anakinra
will have to be explored in order to elucidate this mech-
anism to develop new treatments for TBI-mediated visual
loss.

As with all animal models, it is important to note that
there are several limitations of this study that have not been
mentioned previously. This analysis focused solely on retinal
consequences after blast injury, as RGC dysfunction is one of
the most frequently reported symptoms. Damage to the optic
nerve or other higher visual pathways was not evaluated,
but future analysis of this tissue could provide vital mecha-
nistic information. Additionally, although RGC survival, RGC
complex layer integrity, and RGC function were evaluated,
no behavioral testing reflective of overall visual acuity and
function was carried out. The RGC complex layer was the
only retinal layer evaluated via OCT when other groups
have looked at changes in different cell types after ocular
injury. Finally, although the repetitive bTBI model is reflec-
tive of human injury, the mice are anesthetized prior to each
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Ficure 4. The RGC complex layer was thinner after repeated blast
exposure. (A, B) Representative OCT images of sham (A) and blast
(B) groups. (C) Baseline measurements of the thickness of the RGC
complex layer were taken prior to injury, showing no significant
differences between the blast and sham groups for all genotypes.
(D) At 5 weeks post-injury, the blast-treated mice had a signifi-
cantly thinner RGC complex layer compared to baseline measure-
ments when compared to the sham counterparts in the WT, IL-
la™/~, IL-187~, and IL-1RI”/~ genotypes (P < 0.0001, P < 0.0001,
P = 0.0107, and P < 0.0001, respectively). When comparing the
WT blast group to the IL-1™/~ and IL-187~ blast groups, the RGC
complex layer was significantly thicker in the null mice (P = 0.0410
and P < 0.0011, respectively), suggesting partial protection from
RGC complex layer loss. All data are from ipsilateral retinas. Signifi-
cance was determined by two-way ANOVA with interaction effect
followed by Tukey’s HSD posttest testing all pairwise compar-
isons of means. * indicates significant difference within genotypes;
# indicates significant difference compared to WT blast. Data are
expressed as mean + SEM; n = 26-34. Scale bar: 200 pm.
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Ficure 5. RGC dysfunction was observed after repeated blast. (A)
Baseline measurements of RGC signaling were taken before blast
injury using PERG, with no significant differences between blast
and sham mice within each genotype. (B) At 5 weeks post-injury,
PERG analysis revealed blast versus sham deficits in the WT, IL-
la/~, IL-187/~, and IL-1RI7~ groups (P < 0.0001, P = 0.0239,
P = 0.0024, and P < 0.0089, respectively). When compared to
the WT blast group, the IL-la~ and IL-1RI”~ counterparts had
significantly higher PERG amplitudes (P < 0.0001 and P = 0.0037,
respectively), suggesting partial protection from RGC signaling
damage after blast injury. (C) Representative WT sham and blast
PERG waveforms are shown in black and blue, respectively. All
PERG recordings are of ipsilateral eyes and were measured in the
neutral position. Significance was determined by two-way ANOVA
with interaction effect followed by Tukey’s HSD posttest testing all
pairwise comparisons of means. * indicates significant difference
within genotypes; # indicates significant difference compared to WT
blast. Data are expressed as means = SEM; n = 28-42.
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blast, making the effects of repetitive anesthesia exposure a
possible confounding variable. In our study, both the sham
and blast mice were given the identical dosages in order to
ensure that their conditions were as similar as possible aside
from the blast itself.

The findings of this study indicate that sex does not affect
the RGC outcomes assessed after murine bTBI. The included
genetic studies suggest that deletion of IL-1 pathway compo-
nents confers some protection, but global deletion from birth
did not result in a complete rescue. Further studies elucidat-
ing the role of IL-1 in the eye after bTBI are necessary to
understand this complex and heterogeneous injury.
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